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GRO'^TH REQUIREIMENTS OF BACTERIAL VIRUSES^ 
SEYiMOUR S COHEN 

The Children's Hospital of Philadelphia {Department of Pediatrics), and the Department of 
Physiological Chemistry, University of Pennsylvania, School of Medicine, Philadelphia 

The problem of the growili requirements of bactena is generally considered to 
consist of a description of those orgamc and morgamc components m the medium 
which must penetrate the organism to become available for vanous metabohe or 
structural r61es essential to the production of alike org ani s m " It also mcludes a 
defimtion of these r61es, metabohe, structural, or both Imphcit m an approach 
to the problem is the knowledge that the bactena contam the enzjmies capable 
of sjmthesizmg and assemblmg their omi macromolecular components Smee 
the growth of bactenal ^^ruses has to date been shown to occur only m an ordered 
enzjTnatic emnronment, as m h\'mg cells^, the problem under discussion must 
be expanded to include the question, “How much of the en^yr '’tic functions of 
virus S 5 Tithesis are accomphshed by the host cell?” or, cor ^selj’’. To what 
extent does the virus contnbute to its own S3Tithesis?” jerefore, it is clear 
that the problem of the growth requirements of nruses j a far more complex 
problem than for bacteria 

The environment essential for multiphcation of any \Trus consists of the nu- 
merous orgamzed macromolecular components of a hvmg cell These compo- 
nents, m turn, ma}' be affected by vanations m the external environment of the 
cell Smee it is difficult to vaiy the mtenor of the ceU directly and controUably , 
the external eniironment of the infected host has been varied most frequently 

* The words “growth” and “multiplication” must be clearlj distinguished in discussing 
the development of bactena In most studies of bactenal requirements, conditions ave 
been sought which are satisfactorj with respect to both increase m protoplasm (^owt ) 
and increase m the numbers of organisms (multiplication), although under special con 
tions, as under the influence of penicdlin or ultraviolet irradiation the two phenomena ^e 
separable In discussing bacterial viruses, however, we will use “growth and m i 
plication” mterchangeably, since no evidence has yet appeared suggestmg that growt an 
multiphcation are two distinct, separable processes m these organisms, i e , that one m ac 
bacteriophage particle may augment in matter, mamtaimng its integrity as an organism 
(growth) prior to the transformation of this matter mto more than one bacteriop ge 
particle (multiplication) In constrast to the situation for bactena, studies of distnbution 
of size of the viruses suggest that this mechamsm does not exist withm that group ( ) 
(however, see electron micrographs of agent of feline pneumomtis (35)) 

* This statement of the problem has developed pmnanlj from attempts to grow arge 
numbers of vanous microfirganisms in hqiud media under deflned conditions It may e 
assumed that the nature of the problem will be expanded to that of a more complete state- 
ment of an orgamsm’s ecological mche when such problems as the speciation and evo ution 
of bactena, etc , are considered 

’ The recent report of bactenophage mcrease in cell-free filtrates of lysozyme-disrupte 
staphylococci (42), can not be considered an adequate proof of the production of bacteno 
phage in cell-free media It will be necessarj for Krueger, et al to demonstrate increase 
of phage titer after large numbers of transfers m these media, to elimmate the possibilitj 
of disaggregation effects 
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m an approach to the effect of environmental changes on virus growth The 
interpretation of any change m virus growth as a result of adding some factor 
to the medium is then mvanably subject to the followmg types of question 
(a) Does the substance go to the formation of virus, host, or both? (b) Is the 
substance affecting the functiorung of the enzymes of the virus, host, or both? 
And so forth It should therefore be clear that the mterpretation of any ob- 
served change in virus growth consequent upon some change m the environment 
of the host depends on a great deal of detailed knowledge of the mpr^hnniHry) of 
virus growth and of the metabohsm of the infected cell 
It wiU be necessary, therefore, to proceed to a consideration of the data on 
phage multiphcation and the metabohsm of infected bacteria as a basis for a 
discussion of the effects of various environmental changes on vims growth 
Smce the early work of D’Herelle (26), it was known that a reproductive cycle 
for bactenophage consists m the adsorption of the phage to its host bacterium, 
multiphcation of the virus withm the infected cell and, finally, lysis of the m- 
fected cell, hberatmg the enclosed multiphed virus mto the medium The ng- 
orous experiments of Delbruck and his collaborators summarized m vanous 
reviews (18, 19) have confirmed the three mam features of the cycle and have 
provided methods for the quantitation of these phenomena These simple and 
relatively precise methods have permitted careful handlmg and examination of 
mfected cells, which must be the focus of any analysis of virus multiphcation, 
at least for the present This obvious fact has by no means been a matter of 
common acceptance m all phage studies, and mdeed, has rarely been considered 
in studies of the metabohsm of ammal or plant tissue infected with virus 
These methods may be descnbed briefly The assay of host cells (bactena) 
is usually accomphshed by an estimate of cells capable of formmg colomes In 
a few studies, direct cell counts have been made The assay of virus makes 
use of plaque counting techmques (34, 37) which measure the abihty of a smgle 
phage particle to multiply m the presence of a large excess of growmg bactena 
fixed m a thm, continuous film on an agar plate An older, unrehable technique 
of virus assay made use of the time of final lysis, after addition of a suspension 
of phage to a large excess of growmg bactena under specified conditions This 
procedure mvolvmg a senes of phage reproductive cycles has been abandoned 
largely for the plaque covmtmg techmque, although it is stiU used occasionally 
m the design of experiments, the adequacy of which will be considered below 
Bactena may be controllably mfected by making use of the fact that the 
adsorption rate is a function, among other vanables, of the product of the con- 
centrations of bactena and phage (20) Rapid adsorption is accomplished at 
relatively high titers of the reactants m media of suitable lomc strength and is 
stopped by dilution The numbers of infectious centers are estunated by de- 
termimng the total number of infectious centers in the suspension and subtracting 
the number of infectious centers remammg (free nnadsorbed virus) after removal 
of infected cells by centrifugation (21) Or, free vmis may be ehmmated ^ 
treatment xnth antiviral serum which still penmts virus growth within infected 
cells The numbers of infected cells after mixture of known amounts of bac- 
tena and virus may be detennmed simply by use of the Poisson distnbution 
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The average multiplicit}’ of infection, i e , the ratio of virus particles per bac- 
tenum, maj' be est-abhshed controUably and determined readily b 3 ’- makmg use 
of these methods The studj"- of metabohc phenomena m the mfected ceU by 
direct estimation of chemical changes has depended on the abihty to ensure that 
all the cells of a given suspension were mdeed infected (9, 10) or, conversely, on 
the course and quantitation of nrus hberation from infected cells by the one- 
step growth techmque (IS, 11-13, 33) Direct microscopic examination and 
the change m turbidity (27), have been used to stud}’' lysis An experimental 
procedure which follows a smgle cycle of virus multiphcation ivithm mfected 
cells by the use of these prmciples and techmques may be called a one-step 
growth experiment Some workers who have presented the most unsatisfactory 
experiments and unwarranted conclusions have criticized the one-step growth 
experiment as too hmited 

hluch of the data to be presented are denved from the study of a set of seven 
T viruses, reviewed by Delbruck (18) , mfectmg a stram of Escherichia coli Some 
of their genetic vanants, notably the r mutants of T2, T4, and T6 have been 
descnbed by Hershey (38, 39) and Doermann (27) The even-numbered phages 
T2, T4, and T6, which have been used most, are large tad-pole shaped particles 
which contam large amounts of desox}Tabose nucleic acid (DNA) m addition 
to protem Some chemical and ph}sical properties of these phages have been 
descnbed m detail (9, 10, 40, 61, 67, 73) T3 and T7 are small, sphencal 
phages (18) 


ADSORPTION AND PENETRATION 

Although we are concerned m the mam mth the second part of the cycle, i e , 
multiphcation withm the mfected cell, it is not clear to what extent adsorption 
or l}sis may be dissociated from the multiphcation phenomenon For instance, 
although phage ivill adsorb to dead bactena mcapable of phage synthesis, it is 
not known whether the adsorption to hve cells mitiates a set of host reactions 
essential to virus synthesis, or constitutes, m itself, a penetration mechanism, or 
perhaps both of these, or whether adsorption is only comparable to the landmg 
of a troop earner which must then unload its assault eqmpment m the form of 
a penetration mechamsm Although certam evidence suggests the possibihty 
of a penetration mechamsm for bactenal -viruses, the data are fragmentary and 
clear mterpretation is not yet possible Anderson has observed that T2 phage 
disrupted by ultraviolet irradiation -will hasten the lysis of heavily irradiated 
E coll, which are m the mam already autol}’smg (3) Although this has been 
mterpreted as bemg due to a lysmg enzyme denved from phage (56), the effects 
may have been prm oked by some tngger mechanism of phage ghosts or extract 
which set off host enz}mes Tests of mtact or disrupted T2 phage for depoly- 
merases such as protemase, desox}Tibonuclease, or l}soz}me have been 
negative (14) 

It has been shown that many phages reqmre adsorption cofactors, such as 
tryptophan (4) or isoleucme (5) Recently, it has been reported that one T4 
stram requires both trs’ptophan and Ca"^ for adsorption (23) 

Adams (1) has shown that Ca++ is essential for To multiplication m E coli, 
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although not necessaxy for the multxphcation of the bacteria He has found 
that T5 will Edfiorb m the absence of Ca++ and that the normal latent period of 
multiphcation -mthm the host is obtained after the addition of Ca++, even though 
the delay may have been as much as 30 mmutes pnor to its addition Thus the 
need for Ca ions withm the first mmute after infection may indicate a r61e m 
an essential penetration mechanism 

Similarly, Wahl has shown that Ca++ is essential for the multiphcation of 
several bactenophages C38 and S13, but not of then- bactenal hosts (75) These 
were not adsorption cofactor effects 


PHTBIOLOQICAL STATE OF THE HOST CELLS 

Bactena m then lag phase will generally produce less virus than wiU organisms 
durmg their exponential phase of growth (however, see (69)) Pnce has re- 
cently described this m staphylococcal systems (67) He has also observed that 
the mcubation of lag phase cells for one hour with a 3reast fraction of undeter- 
mmed nature considerably mcreased the abdity of these cells to produce phage 
Smce he has found that the addition of this material to cells taken m their ex- 
ponential phase has httle if any effect on the number of virus particles produced 
from these cells, it is possible that he has found somethmg capable of hastenmg 
the conversion from lag phase to exponential phase and not a substance which 
directly stimulated phage growth In view of the inadequacy of the data con- 
cermng the nature of the differences between bactena m their lag phase or ex- 
ponential phase, this type of information does not greatly contnbute to clanty 

Smce certain bactenal mutations from virus sensitivity to virus resistance 
appear to result m a loss of synthetic powers for factors essential for bactenal 
growth, e g , the mutant resistant to Tl, B/1, is generally tryptophan-requmng 
(2), a wide survey of the nutntional requirements of resistant mutants may 
yield some clues as to the nature of resistance and steps concerned with virus 
growth 

For more than a decade attempts were made to establish a relation between 
virus growth and the multiphcation of the bactena pnor to infection In typical 
studies some workers found that the rate of virus mcrease m an infected culture 
appeared to be a function of the rate of bactenal mcrease (55) Krueger and 
Scnbner eventually concluded that multiplymg bactena were not essential to 
virus growth smce bactenal growth and virus growth appeared to be separate 
fimctions under certam conditions (44) The question has been answered more 
clearly by the findmgs that E colt rendered mcapable of multiplymg by ultra- 
violet, or X-uradiation, or mustard gas still support virus multiphcation (6, 65, 
36) It IS reported that E coli suspended m a phosphate buffer supplemented 
by glycme or denvatives can support virus growth although unable to multiply 
(69) This problem is relevant only m the most mdirect fashion, smce it adds 
the whole problem of the nature of cell division to that of phage growth As 
will be seen m the next section, cells infected with T2 and other phages, are 
mcapable of multiphcation (9) 

Many workers have studied the effect of pemcillm on bactenal division and 
phage growth (53, 54, 64, 58, 43, 29) Although it is agreed that pemcillm- 
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inhibited bacteria can still support phage groiNth, it is clear from the more de- 
tailed studies of Elford that pretreatment of the bactena vath pemcilhn for 
some nainutes is deletcnous to mechanisms for phage sjmthesis, pnmanly affect- 
mg Aurus jaeld but not the duration of the latent penod The pattern of effects 
IS somewhat vanable for each bactcnal species Cjdological details of staphy- 
lococcal phage growth m the presence of penicillin have recently been observed 
m the ultraMolet and electron microscopes (CS) 

A sma^ey of the action of various inhibitors on bactenal growth, phage ac- 
tmty, and the ability of the infected cell to support nrus growth shows that 
all possible tj'pes of associated and dissociated effects have been obtamed This 
IS presented m table 1 Thus, in group 1, compounds affect cell and virus sepa- 
ratelj’’, as well as the infected cells, m group 2, effects are noted on the cell alone 


TABLE 1 


The acltvtlics of larious inhibitors studied in phage synthesis 


GJtOUP 

I Tnorroi* 

wjESxxa: 

iKHiBrnos 

or BACTTRIAL 
ifULTIPUCA 

nos 

HTSECr IN- 
AcnvAnoN 
or PHAGE 

TVTTraTTTQS 

OP PHAGE 
CEOWTHD? 
INTECTED 
rrr.T-q 

1 

Streptomj cm 

40, 15 

+ 

+ 

+ 

2 

5-Methjl trjptophan 

11, 12 

+ 

0 

+ 

2 

Methionine sulfoxide 

33 

+ 

0 


2 

Sulfathiazolc 

24 

+ 

0 

+ 

2 

Cjanide, lodoacetate 

70, 60 

+ 

0 

+ 

3 

Temperature 45° 

46 


0 

+ 

3 

Citrate 

72, 8, 7, 1 

0 

0 


3 

Proflavine 

31, 32 

0 

0 

-f- 

4 

Penicillin 

53, 54, 64, 58, 

-1- 

0 

0 



43, 29, 6S 




6 

Indole 

23 

0 

-f 

0 

5 

Antiphage sera 

22 

0 

-f 

u 


The signs +, 0, and ± indicate the existence of, absence of, and partial inhibition, re 


Bpectivelj 

Rud on vmis growth but not on the phage alone, m group 3, virus growth is 
affected but not the host alone , m group 4, effects are observe on ® 

■without affectmg torus growth, and, lastlj’’, m group 5, we ^ 

"^'trus alone without affectmg host cell or torus growth In a a ^ 

■will attempt to correlate these results with the particular stages o e p g 
reproductive cycle 


VIRAL rxHiBrnoN op cell multiplication 

When E coh B is multiply infected with a T2 or T4 stram of phap m a syn- 
thetic medium, the opacity of the culture re main s constant un ysis 

* It would be desirable to be able to consider the recently reported ° 

T2 multiplication in B (50) The data and the experiments 

permit conclusions at this tune It is hoped that adsorption ^ ^ other exneri- 

curves under tlie influence of pectin will be made available short y as w 

inents 
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(9) In nepbelometnc studies with T2, T4, or T6 strains, the hght scattering 
of a suspension of infected bactena does not exceed the value obtained imme- 
diately pnor to addition of virus (27) In contrast, the turbidity of cultures 
multiply infected with Tl, T3, and T7 contmues to mcrease until lysis (74), 
the significance of this observation is not clear 
The cell division of infected bactena has never been observed Cydochemical 
studies by vanous workers have shown a rapid transformation of the nuclear 
apparatus of infected S coh The conclusion that infected bactena do not 
multiply also may be inferred from the numerous observations of the constancy 
of the number of infectious centers, as determmed m one-step growth curves 
durmg the latent penod of virus multiphcation m multiply i^ected bactena 
Ultraviolet irradiated T2, T4, and T5, which are unable to multiply under con- 
ditions of smgle infection, also inhibit bacterial multiphcation (47, 9) This fact 
may be used m the assay of that type of mactivated virus 
This type of data has scarcely been approached m other plant and animal 
virus studies It is possible that virus-infected cells do mdeed multiply Two 
borderhne cases of cytoplasmic inhentance, effected through germ cells, e g , 
kappa m Paramecia strains, and the COj-sensitivity factor m Drosophila, would 
be instances of this, if it were considered that the mhented factors were mdeed 
viruses Also, it is possible that, as reported m the phenomenon of lysogemcity, 
bactena may multiply while canymg virus (however, see (18)) Nevertheless, 
no evidence has ever been presented that phage multiphcation occurs m a bac- 
tenum which is itself multiplying at the same tune These problems are clearly 
pertment to the problem of the nature of tumor viruses, latent viruses, etc 


SYNTHESIS AND ENERGY 8UPPET 

The cessation of multiphcation of the infected cell imphes a deep-seated dis- 
turbance of the metabolism of the host cell When the oxygen consumption of 
two ahquots of a normal culture of E coh are compared m the presence or ab- 
sence of virus T2 or T4 m a lactate-contaimng synthetic medium, it is observed 
that m the infected culture the normal mcrease of rate is prevented, concomitant 
with the inhibition m multiphcation of the cells Simultaneously it may be 
noted also that the rate of Oj consumption and the respuatory quotient m the 
infected culture is the same until lysis, as the rate found for that culture imme- 
diately before infection (9) A sunilar observation has also been made 
for staphylococci infected by phage m broth (63) It may be concluded from 
these studies that while the ongmal respiratory enzymes are unaffected by in- 
fectioh, the synthesis of bactenal factors (presumably these enzymes) essential 
for mcreased oxidation is totally inhibited 

In confirmation of this inhibition of en 25 Tnatic increase under conditions of 
infection, Monod and Wolhnan (51) have demonstrated that strains of E coh 
infected by virus Bj are unable to synthesize adaptive enzymes for the utilization 
of lactose Thus cells unadapted to lactose were unable to synthesize virus with 
lactose as the sole carbon source Cells m which adaptive enzymes were syn- 
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thesized before infection, maintained their respiration m the presence of this 
substrate after infection, and were able to support nrus reproduction with lactose 
as the sole carbon source 

In these cases it may also be concluded that, inasmuch as the overall energy 
supplj% as determined bj’ the rate of ovj’gen consumption and the R Q , remained 
the same m the mfected cell performing phage sjmthesis as m the uninfected 
cell, the energ}’’ for phage sjmthesis is pnmanlj^ a product of host enzjme ac- 
tmtj’^ shunted from use in bacterial sjmthesis Since, as will be descnbed later, 
almost all, if not all the products of mfected cells are phage components, the 
energj^ for phage sjmthesis is the major element of the total energj’’ supply m 
the total respiration measured That this energj- supplj- is essential for phage 
sjmthesis is showm m the following experiments WTien the oxidative respiration 
of strains of E coh is inhibited bj- depletmg the medium of oxygen with a stream 
of mtrogen, or bj'- the addition of cj-amde or lodoacetate to the medium, infection 
with T2r+ mduces Ij-sis from the moment of infection, as showm m figure 1 (14) 
Phage IS not sjmthesized m this sj-stem and the infectmg \irus is lost It ap- 
pears that one iirus particle can mitiate this lysis-from-without® m the absence 
of a smtable energj- source, and verj- active proteinase and desoxj-nbonuclease 
not observed m the iirus have been demonstrated m these Ij-sates However, 
when adequately respiting cells are infected and subsequently treated with m- 
trogen or cj-amde, the tendency to lyse is somewhat reduced It would appear 
that infection with T2 produces a rapid reorganization of cell substance, which 
m the absence of the host’s energj- supply is uncontrollable, leading to autolysis 
and disruptmg of the structures essential to phage synthesis The reorganiza- 
tion bemg completed, the infected cell is less prone to the anarchy mduced by 
cuttmg off of the energy supplj-, until, as Doermann has recently shown (28), 
mtact virus particles are present m the cell This worker has used the techmque 
of Ij-sis-from-without by means of excess phage and respiratorj- poisons, sepa- 
rately and concomitantlj-, to demonstrate mtraceUular phage durmg the latent 
penod Sumlarlj-, the turbiditj- of unadapted infected cells m lactose as the 
sole carbon source was observed by Monod and Wollman (51) to slowly decrease 
from the beginmng of infection, i e , under conditions where an external energj- 
source was unavailable It should be noted that Ij-sis of cj’amde-treated cells 
IS marked upon the addition of T2r+ and T4r+, but does not occur with T7 (14) 
and T4r (28) 

Pnee has shown that cyamde, lodoacetate, and azide inhibit phage synthesis 
in pemciUm-treated staphj-lococci capable of supportmg phage growdh, and that 
these agents lower the ATP content of the cells (GO) 

In addition to the verj- earlj- reorgamzation of cell structure and metabohsm 
just descnbed, it is considered probable that some tj-pes of infectmg virus par- 

‘ Delbr&ck has corned the tenn “lysis-from-without” to descnhe lysis without multipli- 
cation caused hy infection with large amounts of phage, ca 100 particles per cell (25) It 
is prohahle that this type of mduction of lysis is of the same autob-tic type as chemical 
induction of Ij sis in singly-infected cells The phenomenon is clearly mdependent of the 
adsorption capacity of the hactenum 
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tides, 1 e , T2, T4, and T6, are disrupted withon the ceU and that the numerous 
separate fragments provide the models for the duphcation process An mfectme 
vi^ particle has never been recovered Doermann’s study of mtact mtra- 
wUu^ virus has shown that from infection to about one-half the duration of 
the latent period, when intact particles first appear, the average mtracellular 
virus content per cell is far less than 1 The hypothesis of the early disaggre- 
gation of the hereditary factors of T2, T4, T5, and T6, pnor to recombmation 
m newly synthesized virus, has been discussed by Luna (47) 



Fig 1 Turbidimetno study of E coh strain B infected aerobicaUj and anaerobically 
Organisms m tbeir e"roonential phase of growth were centrifuged and resuspended in a 
lactate medium (9) at 8 X 10’ cells per ml Air or Nj was passed through the medium for 
6 minutes before addition of a punfied preparation of T2r'''to give a virus to cell ratio of 2 7 

ASSIMILA.TORT PROCESSES 

Although it has been noted that infected cells are unable to produce more 
bacteria and certam types of bactenal enzymes, we hate found that S3Tithesis 
proceeds m these cells at a very considerable rate (10, 16) This has been 
studied m the mam m T2r+ and T4r+ sj^ems under conditions of multiple in- 
fection, although a be ginnin g has been made m r phage sj'stems The basic 
characteristics of the synthetic processes are presented m figure 2 
It may be noted that protein is synthesized from the begmnmg of infection, 
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wlule under the conditions of this experiment, the mcrement m desoxynbose 
nucleic acid (DNA) begms about 7 mmutes later The rate of synthesis of this 
DNA m infected cells is about 4 tunes that m normal cells It has been found 
that there is httle, if any, mcrease of other protem-bound carbohydrate, and no 
appreciable mcrease of nbose nucleic acid (UNA), although normal cells produced 



Fig 2 DNA and protein synthesis in E colt strain B infected with T2r''' virus before the 
onset of lysis inhibition The ordinate presents increments over initial values For ex- 
penmental details, see (16) 

about 3 tunes as much RNA as DNA Indeed the RNA of infected cells is 
essentiallj’- mert, as detemuned by turnover studies with radioactive 
The phosphorus of the virus DNA has been shown to come, m largest part 
(ca 80%), from the medium after infection (17) The ongm of the remamder 
of the P is not known Similar results with T6r+ have recently been reported 
by Putnam (62) That the DNA synthesized is actuallj’’ virus DNA is revealed 
by the fact that more than 70% of the newly synthesized DNA may be isolated 
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in virus (17) Losses may be expected m isolation experiments due to read- 
sorption m the high concentrations of bacteria necessarily used m these expen- 
ments Correlations of virus equivalents of the newly synthesized DNA, as 
determmed from analyses of isolated virus, and the virus actually found to be 
produced withm those cells, agree withm 10% Finally, it has been observed 
that all of the protem-bound phosphorus assimilated after infection is found m 
the DNA and, hence, m the vims fraction, although m normal cells only i to i 
of the assimilated phosphorus becomes DNA 
Pnce has estimated the nucleic acid content of an infected culture of pemcilhn- 
mhibited staphylococci (60) He found that the DNA and RNA contents of 
infected and normal cultures were identical and concluded that phage mulb- 
phcation does not mvolve a disturbance of nucleic acid metabolism Price's 
conclusions are unwarranted because he mfected large numbers of organisms 
with a small amount of phage and harvested his infected culture “15 to 30 nun- 
utes” before lysis ensued Under these conditions, either only a few per cent of 
the bactena were mdeed infected or, when harvested, they had been mfected for 
too short a penod to reveal significant differences m nucleic acid metabolism 
It has been observed that, m media which do not contam phosphorus, a very 
small amount of T2 synthesis m E colt is nonetheless possible, m contrast to the 
impossibihty of such synthesis m media without an added carbon or mtrogen 
source (33) In related studies, it was found that ademne and the nucleosides 
guanosme and desoxyguanoame may stimulate virus synthesis in synthetic media 
(33, 13) Guanine, uracil, thymme, and cytosme had no detectable effect m 
this system In view of the importance of nucleotides as coenzymes m energy 
supply, it cannot be inferred that the stimulatory effect of the nucleic acid de- 
nvatives were necessarily due to their direct mcorporation mto virus 
Somewhat less is known about protem synthesis m infected cells than about 
leic acid synthesis Considerably more protem is synthesized m these cells 
the latent penod than can be accounted for by the numbers of virus particles 
I jduced However, imder the special conditions of lysis inhibition with r+ 
strains (27), protem synthesis is inhibited after the normal latent penod is com- 
pleted, and the numbers of virus particles hberated account at the moment of 
final 13 ^ for the protem produced m infected cells Indeed this balance is 
attamed after the mitial excess of protem, produced before lysis-inhibition begins, 
has been depleted and this imphes that that excess was vmis protem (10, 16) 

In the case of the turmp yellow mosaic virus disease, the presence of both m- 
fectious viral nucleoprotem and non-infectious viral protem m large amounts has 
recently been studied m detail (49) 

Smce it has been found that some mtact phages, e g , T2r+, do not react with 
bactenal antisera (37), it may be inferred that virus proteins which have been 
synthesized do not have bactenal specificity Presumably, m the case of r+ 
virus-infected cells, all protem synthesis is of a new type Until the present, no 
turnover studies have been performed to exclude absolutely the transformation 
of host protem to virus protem and its replacement by new synthesis If this 
possibihty were true some small degree of virus synthesis, m the absence of ex- 
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temal protem-buildmg elements, miglit be expected It is found, however, that 
the absence of external mtrogen for E coh, or tryptophan m a trjTitophan-less 
mutant of this orgamsm, completely excludes virus synthesis (28) However, 
despite the suggestive character of the data, considerably more data wiU be 
necessary to prove ngorouslj’- that all protem synthesis m the phage-infected 
cell represents ssnthesis of ^^rus components 

Data exist pertment to the problem of whether this s 3 Tithesis of viral DNA 
and protem is earned on by the enzymes of B coh or those of the virus, or both 
The amoimts of N- and P-contaimng polymers synthesized m infected E coh 
are of the same order as that m the uninfected bactena It may be assumed, 
therefore, that this synthesis is bemg accomplished by a similar quantity of 
enzjnnatic eqmpment as of that organism Smee a T2 particle is of the order 
of 10"'® gm , and a bactenum weighs about 10"''^ gm , it appears reasonable to 
conclude that, unless phage contains enzymes about 1000 times more efficient on 
the average than those of the bactena, the weight of mfectmg phage is madequate 
to effect the amoimt of synthesis required to produce phage 

It may also be pomted out that the ratio of N to P appearmg m polymers m 
the T2r'‘-mfected ceU before the onset of lysis inhibition is the ratio found m 
these cells, rather than the distmctive ratio characteristic of T2r+ virus Fmally, 
we may note that the rate of protem and DNA synthesis m E coh stram B m- 
fected with about 5 T2r''‘ particles is constant Smee the rate of synthesis does 
not change whether there are five or more than one hundred virus particles m 
the mfected cell, we may infer that the virus is not the enzymatic center of DNA 
or protem synthesis, and that new centers have not been synthesized or, if syn- 
thesized, are not bemg used for virus synthesis 

It follows from these considerations that the greatest part of the virus, its 
polymenc structure of nucleic acid and protem, is synthesized by bactena! en- 
zymes accordmg to the bactena! metabohe relations of energy supply and as- 
similation of mtrogen, carbon and phosphorus However, they are completed 
mto new tjqies of end products whose specificity is determined by portions of 
the mfectmg virus particle Evidence for the existence of metaboheaUy active 
enzymes of the bactenal viruses will be discussed m another section 

THE ORGANIZATION OF VIRAL COMPONENTS 

The tune course of mtraceUular viral synthesis has been studied by Doer- 
mann, making use of the lysis-from-without phenomenon previously desenbed 
It has been demonstrated by Doermann and Anderson that the same tune course 
of T3 sjmthesis is obtamed when mfected cells are disrupted by the relatively 
slow lysis-from-without techmque or by far more rapid and vigorous some waves 
Unfortunately the latter techmque is mapphcable to the larger viruses T2, T4, 
T5, and T6, and mdependent test of the Ij’sis-from-without techmque for these 
viral sjmtheses is not as yet possible 

Doermann and Cohen have recently compared the rate of DNA sjTithesis and 
of mtraceUular T4r synthesis m a stram of E coh B/r/1 multiply mfected with 
T4r These results are lUustrated m Fig 3 The major pomt to be made at 
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this tune is that the deposition of DNA occurs several minutes before the com- 
pletion of mtact virus and it may, therefore, be concluded that the laying down 
of DNA does not complete this virus, T4r Experiments of Foster (32) on m- 
hibition of phage growth with proflavm and its reversal on dilution suggest that 
this inhibitor affects some veiy late step m the completion of the vmis particle 
In the hght of these correlations of three major stages of synthesis witiun the 
latent penod, we may bnefly consider some aspects of Latarjet’s data (45) on 


% 



Fia 3 The synthesiB of DNA and intracellular T4r during the latent penod of virufl 
multipboation at 30 C within infected E coh B/r/l The initial virus to cell ratio was 

9 5 X 10* per gJ ^ g 3 values per cell in this expenment were 4 0 X 10~" 

1 8 X 10* per ml 

gm DNA, 116 particles of intracellular phage, and 114 particles of ertracellolar phage 
uberated in controls at the end of a normal latent penod 


the mcrease of resistance to X-irradiation of E coh infected by T2r+ He 
studied the abihty of X-irradiated infected cells to hberate virus and found that 
the shape of the survival curve of smgly-infected cells depended on the tune m 
the latent penod at which the irradiation took place Thus, a smgle-hit type 
of curve was obtamed until about 7 mmutes after infection At 7 minutes, the 
survival curve of infected cells showed considerable change m X-ray resistance 
From 9 mmutes to about 13 mmutes a multiple-hit curve was obtamed, m which 
multiphcity rapidly mcreased durmg this mterval From 13 mmutes until the 
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burst, the multiphcit}’’ revealed by this curve remained essentially unchanged 
but the sensitmty to radiation mcreased slowly His data mdicate the forma- 
tion of umts, starting at 7 to 9 rmnutes, which are capable of gomg on to become 
complete phage However, these umts are much more resistant (probably 
smaller) than the complete T2 particle After 13 mmutes, the formation of 
these umts stops, but they then become less resistant (probably larger) 

The umts of Latarjet cannot be complete T2 virus particles smce from Doer- 
mann’s data the latter would be expected to appear later than 13 mmutes m the 
T2r+ system Their formation approximately comcides with the beginmng of 
the deposition of DNA and ends when the amount of protem formed is about 
eqmvalent to that necessary to complete the virus hberated m the burst DNA 
deposition to these umts certainly contmues and perhaps accounts for some of 
the decrease of resistance subsequently found m the intact particle These 
results are m agreement with pnor studies on the ultraviolet irradiation of m- 
fected cells (48) 


THE PATTERN OF BACTERIAL VIRUS GROWTH 

Despite the tentative nature of our present conclusions, and keepmg m mmd 
the exceedmgly rapid development of the field, we may now proceed to a bnef 
summary of the probable stages of the growth of some phages (T2 type strains) 
Virus particles are adsorbed and penetrate withm the host cell The infected 
cell rapidly reorgamzes its nuclear apparatus and its metabohsm, although most 
of its enzymatic activities are unimpaired These enzymes, denved m the mam 
from the host cell, contmue to work on mtrogen, carbon and phosphorus sources, 
taken largely’- from the external environment accordmg to the absorption and 
assimilation patterns of the uninfected cell However, they no longer build bac- 
tenal structure but convert the smaller metabohc buildmg blocks mto polymenc 
substances, DNA and protem, which have the new viral specificities These new 
specificities of the products are imposed upon the enzymatic processes presum- 
ably by portions of the ongmal mfectmg virus particle Protem is synthesized 
first, the deposition of DNA after 7 to 10 mmutes completes the formation of a 
genetic umt which is not a complete virus particle, possibly lackmg the capacity 
for adsorption and penetration, or some other early stage The complete par- 
ticles are formed after the completion of the formation of the genetic umts and 
are hberated by the lysmg cell 

no BACTERIAL -VIRUSES CONTAIN METABOLICALLT ACTIVE ENZYMES? 

It has been reported that media which were adequate for bactenal multiph- 
cation could not support phage multiphcation Thus it has been shoivn by 
many workers that Ca++ is essential for the multiphcation of vanous phages 
mfectmg strains of E coh or ShigeUa (72, 8, 7, 1, 75), although not necessary 
for the multiphcation of the host Although, as one mterpretation, this would 
appear to suggest a phage enzyme activated by Ca++, this may not be so, smce 
Ca++ may- be an essential structural matenal for these phages 

In coh systems, thiamine was found essential for the multiphcation of C36, 
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■which was also Ca'++-requimg (75) That thiamine was not an adsorption co- 
factor was not excluded in these experiments In staphylococcus systems, 
nicotmamide had to be added to support phage multiphcation (59) Smce these 
compounds can be synthesised by both types of uninfected organism and are 
acti-re portions of coenzymes probably present m these cells, it may be asked as 
one of several possibihties if the infected cell has not lost the power of replace- 
ment of normally degraded vitamm (see review by McDwam (52)) In short, 
this type of evidence, at the present state of our knowledge, may be explamed 
without the hspothesis that the bactenophage particle mtroduces into the m- 
fected cell new types of enzymes requmng this substance However, this sug- 
gestive endence clearly pomts to certam directions of study which may prove 
or disprove these hypotheses 


NHTSmONAL HEQUIHEMBNTS FOB VIBH8 GHOVraH 

In the ideal case it would be desirable to demonstrate a r61e for a compound m 
the 'Virus and its utihzation dimng -virus synthesis, as well as the exclusion of a 
snnilar rdle for products which may be denved from it This has been done for 
tryptophan m T2r'' synthesis Thus, tryptophanless-H colt B/1 requires 
tryptophan for T2 multiphcation as well as for bactenal multiphcation Trypto- 
phan has been found m T2r+ (9) Although tryptophan may be converted 
to mcotimc acid m some systems, a nicotmic acid deficiency has been tested for 
but not observed m T2-mfected E colt B (33) In the absence of data suggestmg 
a metabohc rfile of tryptophan other than as one of the buildmg blocks for pro- 
tem synthesis, and the existence of data mdicatmg that a cell infected by T2 
synthesizes only mral proteins, we may conclude that tryptophan is an essential 
growth requirement for the synthesis of T2 protem 

For the most part T2 has been studied m strains of B colt which can synthesize 
all of the complex buildmg blocks essential to both bactenal and -virus synthesia 
from simple C, N, and P sources It has been possible, however, to limit the 
rate and quantity of virus production m E colt stram B grown m nutnent broth 
by transfemng to media where various protem and other buildmg blocks are 
ehmmated from the medium, as mdicated m figure 4 In this type of expen- 
ment m which the one-step gro-wth curve of T2r+ has been studied on the broth- 
grown organisms suspended m broth or the F medium (contammg ammomum 
lactate and morganic salts) a markedly prolonged latent penod and reduced 
burst size -was found m F (33), as contrasted to these functions m broth There- 
fore, compounds are contamed m broth which make up the difference between 
the two growth curves 

Bactena taken from the broth to -the F medium did not show a lag penod m 
the F medium but multiphed at a rate about one-fourth of that m broth As 
mentioned premously, the ehmmation of a carbon or mtrogen source from F 
medium did not permit any -virus to be synthesized, while the absence of phos- 
phate or Mg^ severely reduced even the small amount of virus production 
obtamed m F medium. 

Imtially, one-step growth curves were studied on broth-grown orgamsms trans- 
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ferred to F media to which smgle compounds were added (33) Consistent 
stimulation, reflected m diminished latent penod, or mcreased burst sizes, or 
both, was obtamed with L-phenjdalanme, L-aspartic acid, L-prohne, L-lymne, 
L-vahne, L-argmme, and L-glutamic acid, the last producmg the greatest effect 
Guanosme and desoxyguanosme also stimulated virus production 
No smgle compound of more than 60 common nutntional factors tested re- 
produced the latent period and burst size observed m broth, although some 
preparations of mdole-3-acetic acid produced marked mcrements m burst size m 



Fig 4 One-step growth curves for T2r'*’ in broth-grown bactena in broth and synthetic 
media (33) (See text ) 

this system We have not j'et been able to establish the nature of this latter 
effect 

Inhibitorj’- effects were observed in this system with L-leucme, L-senne, and 
L-C 3 rateme, when these ammo acids were added to the mmimnl medium The 
inhibition produced by L-leucme could be counteracted by the simultaneous 
addition of vahne, isoleucme, or norleucme 
It was found that a mixture of ammo acids, purmes, and pynmidmes added 
to F medium almost completely restored the latent penod and burst size to that 
observed m broth (33) This observation permitted the use of another group of 
methods for the study of compounds affectmg virus synthesis (13) Smce a 
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complex synthetic medium had been found which gave maximal virus production, 
it was possible to study the reduction of burst size or mcrease of latent penod 
when smgle components were left out of the medium Also the course of DNA 
synthesis which appeared to be an approximate measure of virus synthesis could 
be followed m multiply-infected cells 

It was found that the ehmmation of some compounds such as tryptophan or 
leucme from the complete medium only shghtly mcreased the latent penod but 
markedly reduced burst size, as shown m figure 5 In parallel experiments with 
multiply-mfected cells m these same media, it was observed that the time of 
onset of sjmthesis of DNA was delayed when these compoimds were omitted 



Fig 6 0ne-6tep growth curves for T2r+ in broth grown bacteria in media of different 
compoBitionB (13) 

but that the rate of synthesis of DNA, once started, was that of the control 
In these experiments it was found that L-glutamic acid, L-histidme, L-leucme, 
L-methiomne, L-phenylalamne, L-tryptophan, L-valme, and adenme are com- 
pounds which should be present m the medium for maximal production of virus 
It should be noted that the supplement and depletion methods yield comple- 
mentary information 

Spizizen obtamed similar results on the importance of ammo acids and other 
substances for the growth of an otherwise uncharactenzed E call phage, PI 
He infected in nutnent broth and transferred the sedimented infected cells after 
more th«n 7 mmutes to vanous media (69) These media had no carbon source 
other tbnri the compound added His data are pertinent m the mam to the 
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multiplication process, the 3 ' are umnterpretable from the pomt of vieiv of whether 
the compound added is used unchanged as a buildmg block for virus S 3 Tithesis, 
smce the compound proinded both the energy and carbon source for the reac- 
tions He hsts ammo acids and denvatives which on addition to a phosphate 
buffer can or cannot support iirus and bactenal multiphcation He also found 
that glutanuc acid is the most effective smgle supplement m support of virus 
growth The ammo acids, alanine, argmme, leucme, serme, isoleucme, cystme, 
and methiomne were imable to support bactenal or virus multiplication A 
compound which permitted bactenal mcrease could m everj' case support virus 
growth, while as mentioned prenousl}’’ gl 3 '^cine and glycme denvatives, although 
madequate for bactenal mcrease, permitted virus growth The experiments of 
Spizizen on the stimulation of phage growth m glycme anhydnde-phosphate 
buffer b 3 ’’ vanous supplementary compounds are even more difficult to mterpret 
hlarked stimulation is reported for 3 -east nucleic acid, and vanous dicarbovyhc 
acids such as oxaloacetate and a-keto-glutarate 

More recently, some prelimmary obsen'’ations have been made m our labo- 
ratoiy on the direct uptake of ammo acids by normal and T2-infected E coli 
Broth-grown bactena were transferred to phosphate buffer contaimng 10 pg of 
each amino acid, with and without T2 phage The bactena were separated 
from the media at vanous mtervals and the medium was analyzed m umdunen- 
sional paper chromatograms, developed m phenol, and sprayed with nmh 3 wdrm 
The utihzation of about 7 ammo acids by the cells as a function of time could 
be seen clearl 3 ’- Whereas the uninfected B stram removed the dicarbovlic 
acids almost exclusive^, it was seen that m addition to the somewhat slower 
utilization of these acids by infected cells, monoammo monocarboxyhc acids and 
aromatic ammo acids were used to a much greater extent (14) More accurate 
and complete estimations may be presumabty made by microbiological assays 

Another approach emplo 3 ’-ed with E coh strains with which depletion tech- 
mques cannot readily 3 ueld all-or-none effects mvolved the use of antrmetabohtes, 
and other inhibitors, as a clue to metabohc steps important m virus synthesis 
Until relatively recently the vanet 3 - of mhibitors available for study were not of 
a specific competitive t 3 rpe and the action of vanous inhibitors on phage growth 
could not be mterpreted readily Spizizen attempted to use a more specific 
antimetabohte, ammomethyl sulfomc acid, when he found that ammo acids of 
the external envuonment, and more particularly, gl 3 ’^cme, appeared to be im- 
portant for ^’^^us growth Unfortunately, although this compound is inhibitory 
to phage growth, it has been shown by vanous workers, as weU as Spizizen him- 
self, that its action is overcome by vanous compounds other than glycme (69) 
In another set of experiments (71) he reports that although succmate stimulates 
phage growth m gl 3 cme anh 3 ’^dnde-phosphate mixtures, malonate is not m- 
hibitor 3 ’- 

The available data on inhibition of phage growth b 3 - demonstrabb- competi- 
tne antimetabohtes are qmte sparse In a ver^’’ bnef report, Delbruck and 
Luna descnbe the reversal b 3 - PABA of the inhibition of phage growth mduced 
by sulfathiazole (24) Cohen and Fowler (12) have reported a detailed study 
of the mhibiton*’- action of 5 -meth 3 1 ti^-ptophan (5 jMT) on T2 synthesis 5MT 
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been shown to be a specific competitor of tryptophan in protem syntheas 
(30) Also, some experiments have been made with methionme sulfoxide, which 
competes ^ecifically with glutamic acid, and results have been obtamed sunilar 
to those with 5MT (33) 

The tryptophan analogue, 5MT, inhibits bactenal multiphcation without in- 
hibition of oxygen consumption or change of R Q , and does not mactivate T2r+ 
virus or mterfere with its adsorption to E colt At low bactenal concentrations, 
it will prevent phage growth at low molar concentrations If the compound is 
added pnor to mjection, or at any time up to one-half the latent penod, i e , 
about 12 mmutes m medium F, the cells do not hberate virus m the absence of 
tryptophan m the medium Shortly after the end of the latent penod, the 



Fig 6 The inhibition of T2r''' growth in E coU in lactate media by 6-methj 1 tryptophan 

S at infection, and the reversal of the inhibition by tryptophan fl2) 1<P “ latent 

numbers of infectious centers begm to decrease and eventually fall to zero If 
the compound is added later than 12 mmutes after mfectiou, an amount of virus 
13 liberated which Doermann has recently shown shghtly exceeds the numbers 
of particles present m the infected cell at the time the inhibitor is added (28) 
Smce the mfectious centers can form plaques m the assay method, this means 
that the multiphcation inhibited by 5MT has been reversed, presumably by the 
tiyptophan contamed m the broth agar on the plate It has been shown that 
^oll amounts of tiyptophan will mdeed reverse this inhibition, permittmg im- 
mediate resumption of phage multiphcation Thus if the addition of 5MT pre- 
cedes infection and tryptophan is added to the inhibited system after 25 mmutes 
(the normal onset of lysis), a normal latent penod of exactly 25 mmutes begms 
and IS followed by a normal burst and virus yield, as shown m figure 6 This 
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signifies that 5MT stops a process requiring tryptophan within the first minute 
of infection 

If 5MT is used to mterrupt the latent period at 12 nunutes of a 27-inmute 
latent penod and tryptophan is added 15 minutes later, exactly the remamder 
of the latent penod is resumed m normal fashion, as shown m figure 7 Agam 
this mdicates a process mvoliing tryptophan at precisely 12 nunutes 

This type of study, assuming the availabihty of sufiBciently specific analogues, 
could readil}’’ be extended to many other compounds thought to be important 
m phage growth It especiaUj'' should be apphed to the study of vanous vitamins 
whose possible r61e m the E coli s 3 "stems has not yet been demonstrated by any 
depletion or supplement technique In addition to its value m reveahng the 



Fig 7 The resumption of a latent period mterrupted by 6MT (12) 

existence of tryptophan active dunng phage growth, the use of 5iMT has re- 
vealed other phenomena, such as the Ij^ of inhibited infected cells, regardless 
of the amount of mtraceUular virus Most inhibitors of virus growth, such as 
5MT, cyamde, profiavme, appear to cause the 13 ’sis of infected but not umn- 
fected cells, and thereby produce the sterilization, with respect to virus, of a 
population con tainin g normal and infected cells 

SITE OP ACTION OF INHIBITOHS OF PHAGE GROWTH 

AU but one of the inhibiting substances, whose actions were considered m table 
1 onlj’’ m the vague terms of some effect on multiphcation, are mcluded m table 
2, where an attempt is made to analyze the evidence pertment to their mode 
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of action m terms of the more specific knowledge presented on the stages of 
phage multiphcation This table does not presume to exhaust all the inhibitors 
known nor the possible modes of action of the vanous compounds considered 
In some mstances, there is recorded a probable mode of action as descnbed below 
The major purpose of the table is to show the wide vanety of sites of action for 
a compound, metabohte or inhibitor, and that there are methods available to 
permit analysis as to which of a large number of sites might be mvolved m the 
course of affectmg phage growth 

Thus streptomycin kdls phage and inhibits phage growth at some undeter- 
mmed site Tryptophan is an adsorption cofactor for some T4 and T6 strains, 
and IS essential to the synthesis of T2 and T4 protem Methiomne sulfoxide 


TABLE 2 


Probabh mode of aclxon of oanoue compounds on phage growth 
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Metabolic processes other than energy production, protein, and nucleic acid synthesis 
are also included, e g , the process inhibited by sulfathiaiole and reversed by PABA. 


probably competes with glutamic acid m reactions leadmg to protem synthesis, 
formation of mtermediates m the tncarboxyhc acid cycle, tr ansamin ation, etc 
Sulfathiazole competes with PABA, probably m the synthesis of PABA-con- 
tainmg coenzymes Cyamde and lodoacetate combme with vanous enzymes 
essential to the production of energy from carbohydrate, they also provoke 
‘dysis-from-without” Citrate mterferes with Ca++ utilization for the adsorp- 
tion of a T4 stram, the start of multiphcation (penetration?) of T5, and lysis of 
cells infected with vanous phages Proflavme appears to affect the completion 
of T2 and T6 Indole competes with the adsorption cofactor, tryptophan, for 
T4 Antibody m antiphage sera combmes with free phage but does not affect 
the infected cell 
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COXCLESIONS 

In the foregoing, date have been presented on phage multiphcation as affected 
bj’’ numerous emironmental factors It has been shown that these environ- 
mental factors varj’^ m then compleatj , from the ammomum salts which can 
supplj’’ the mtrogen for T 2 growth m E coli, to the orgamzed enz3Tnes of E colt 
which effect sjmthesis essential to the production of T 2 Methods have been 
devised and descnbed to ascertam more precisely the role of these growth re- 
quirements at one or several stages of virus growth It has been shown, for 
instance, that tryptophan is a 111115 constituent and must be provided m the 
environment to permit the synthesis of inrus constituents This has been demon- 
strated m tryptophan-requinng bactena, or by one of the four methods, 1 e , 
the supplement, depletion, antimetebohte or direct utihzation techmques m cells 
capable of sjmthesizmg tryptophan The mterpretation of the results has de- 
pended on a great deal of knowledge concermng the growth of a particular bac- 
tenal virus and general biochemical information concermng the possible metabohc 
rfile of chemical compounds We are at the pomt where a detailed deterrmnation 
of growth requirements and analysis of their mode of action can be made, with 
a very few exceptions, such a study has not yet been made The pertmence of 
these data and the phage methods to problems of the growth and control of other 
viruses is so clear as to make one wonder if attempts at then apphcation to these 
other systems should not be more widespread 
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SOiME CONSroERA.TIONS OF THE BIOLOGICAL HIPOIITANCE OF 
INTESTINAL iMICROORGANISIMSi 


K R JOHAI^SSON* and W B SARLES 

Department of Agricultural Bacteriology, University of Wisconsin, Madison 6, Wisconsin 

The relationship of intestinal bactena to the iveU-bemg of the host has been 
of general interest for over sixty years Despite numerous studies conducted 
to determine the r61es of these organisms m health and disease, their functions 
are not completely understood The kmds of bactena found m the digestive 
tract and their distnbution have been extensively studied m many animal species 
mcludmg man It is known that the ecology of the mtestmes is very complex, 
changes which have been found to occur m the numbers and kmds of microorgan- 
isms m the mtestmes are difficult to explam 

Nutntiomsts, bactenologists and physicians now tend to regard mtestmal 
imcroorganisms as sources of nutnhtes mdispensable to the animal host, par- 
ticularlj’- if the diet is poorly balanced, previously these organisms had been 
considered only as potential causative agents of gastro-mtestinal disturbances 
hlany of the early mvestigators considered mtestmal bactena as saprophytes 
whose putrefactive metabohc products were harmful Later, it was reahzed 
that there are two mam types of mtestmal bactena acid-producmg or saccharo- 
lytic species, and proteol 5 dic species The latter group always has been con- 
sidered harmful or undesirable, but their true significance is not settled Acid- 
producmg species, on the contrary, always have been deemed desirable for 
proper conditions m the mtestmal tract Recently, with the help of the rapid 
advances made m the field of nutntion, considerable evidence has been accumu- 
lated which mdicates that mtestmal bactena are important m supplymg essential 
growth substances to the host, although it is not certam that they are mdispens- 
able Earher work now can be re-evaluated with more assurance of drawmg 
vahd conclusions However, there stdl exists a vanety of viewpomts which may 
eventually be consohdated when more basic work is accomplished 

Probably the first observation of mtestmal microorganisms was made by 
Leeuwenhoek (17) m about the year 1674 Many of the organisms he saw with 
his simple microscope no doubt were bactena Two centimes later, Eschench 
mitiated what is considered to be the first comprehensive study of mtestmal 
bactena m human mfants, and laid the foundation for future work m this field 

THE k6IiES of INTESTINAIi BACTEHIA 

The present tendency of modem nutntiomsts to thmk of mtestmal micro- 
organisms m terms of their nutntional importance to theu host is based on a 
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senes of investigations which began with pure speculation by Pasteur Today 
it IS postulated that mtestmal bactena actually synthesize essential growth 
factors within the lumen of the gut In fact, it has been stated by Teply el al 
(97) “That vit amin s are sjmthesized by mtestmal microorganisms hnn been 
proved beyond any reasonable doubt ” 

FoUowmg Pasteur’s (75) meditations concerning the necessity of micro 
organisms for life, numerous studies were instituted to shed some hght on this 
highly controversial problem Metchnikoff (60) was the proponent of the idea 
that the activities of mtestmal bactena are directly correlated with longevity of 
the host, a flora consistmg mamly of lactic acid bacilh is supposed to subdue 
proteolytic activities of other microbes, resultmg in a more vigorous, longer-hved 
mdividual He had many adherents and some very good evidence to support 
his behefs (see Eettger and Chephn, 81, for a detailed review) Another Ime of 
attack, one that is now bemg pursued more actively than ever, mvolved attempts 
to raise vanous animals with a bactena-free mtestmal tract It would seem that 
this type of study should result m a positive conclusion concerning the necessity 
of mtestmal microorganisms for life, or at least, for the general well-bemg of the 
host An exhaustive review of this subject has been presented by Ghmstedt 
(33), hence an extensive discussion is not beheved necessary Nuttall and Thier- 
felder (71, 72) were the first to raise animals m a sterile environment They 
observed impaired growth m some of the gumea pigs raised under aseptic con- 
ditions for 13 days Later, Schottehus (87) and Cohendy (12) succeeded m 
keepmg chicks free from microSrganisms for vaiymg lengths of time Schottehus 
noted that his bactena-free chicks grew more slowly and did not survive as long 
as normal chicks consummg the same sterile ration Cohendy could find no 
significant difference between bactena-free and normal chicks Thus, the two 
workers obviously drew different conclusioiis from their observations That 
many of the early failures encountered m raismg healthy animals under condi- 
tions which would exclude mtestmal microSrgamsms were a result of meager 
knowledge of nutntional requirements cannot be doubted m view of present-day 
advances m the nutntion field Many of the early failures provided excellent 
evidence for the mtestmal synthesis of growth factors Modem attempts to 
raise bactena-free higher animals apparently have been more successful (82, 83), 
though no conclusive proof of the adequacy of the nutntion of these animals has 
been established 

The “modem” viewpomt of the r61e of mtestmal bactena is that they provide 
the host with essential nutnhtes This so-called “modem” viewpomt probably 
ongmated with the studies of Osborne and hlendel (73) who attempted to raise 
rats on highly purified rations contammg a smgle protem, carbohydrate, and fat, 
plus a salt mixture and agar-agar, these rations now are considered to be highly 
deficient m essential fractions of the vitamm B complex They noted the ten- 
dency of these rats to become coprophagous, and that this practice alleviated the 
growth-depressmg effects of their vanous vitamm-deficient diets When these 
rats were allowed to choose between them own feces and those from rats on an 
adequate ration, they mvanably chose the latter Osborne and Mendel believed 
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that the supenonty of feces from normal rats could be attnbuted to the bactenal 
flora Tvhich, as had been pomted out bj’’ Herter and Kendall (41), was markedly 
influenced by the composition of the diet 

Rettger and Horton (80) and Hull and Rettger (42) cooperated with Osborne 
and blendel bj’' performing bactenological studies on feces from rats fed com- 
plete and mcomplete rations A considerable difference was noted between the 
cbaractenstic flora of rats mamtamed on the simple “vitamm B” deficient diet 
and the flora of those on a stock laboratory ration, a simple flora composed of 
predominately gram-positive bacilh (m some cases nothmg but gram-positive 
bacilh were evident) tj'pified rats mgestmg the simple diets of Osborne and 
Mendel, whereas rats consummg a more adequate ration mamtamed a more com- 
plex fecal flora They found cohforms to be low m numbers m droppmgs from 
rats on either of the two tjqies of diets, but these organisms were particularly 
scarce m rats on deficient diets These mvestigators noted that feedmg rats a 
high milk diet, or a ration high m lactose, had the same effect m simphfymg the 
fecal flora as did feedmg the purified, deficient diets of Osborne and Mendel 
The gram-positive bacilh found m rat feces were identified as Lactobacillus aci- 
dophilus and L bifidus 

The earhest suspicions that mtestmal sjmthesis was related to “vitamin B” 
were stated before this vitamm was shown to be made up of many fractions 
Evidence for sjmthesis was determmed by feedmg feces of one animal to another 
animal deficient m “\nt amm B ” The availabflity of the synthesized vitamm 
m the feces to the animal was not considered to any great extent until a number of 
years later and still remains a controversial issue Cooper (13) appears to have 
been the first to suggest actual synthesis of a vitamm by mtestmal bactena 
He was able to alleviate poljmeuntis m pigeons fed polished nee by feedmg them 
alcohohe extracts of feces of hens and rabbits kept on normal diets He beheved 
that the anti-neuntic substance was synthesized by mtestmal bactena m the 
hens and rabbits This work was repeated subsequently by Fortier and Random 
(77) and similar results were obtamed A simil ar study was made by Theiler 
and his associates (99) which imphcated bactenal sjmthesis m the rumen of cattle 
They beheved that a troublesome South Afncan paralj^ic disease, “lamzietke,” 
might be the result of a nutntional deficiency In an attempt to reproduce the 
disease bj’' controlled feedmg experiments, they observed that a ration deficient 
enough m “vitamin B” to produce poljmeuntis m pigeons was m eveiy way 
adequate for cattle Their assumption was that either cattle required very httle 
“vitamm B,” or that mtestmal microorganisms sjmthesized the deficient vitamm, 
which m turn was utihzed bj’’ the animal, the latter seemed the more reasonable 
view This work opened up the whole new field of rumen sjmthesis, considera- 
tion of which is bej’-ond the scope of this review, although a large share of our 
knowledge of biosynthesis bns been denved from such studies It is suggested 
that the reader consult the excellent reviews by Hastmgs (39), Thaj'sen (98), 
Smith (91), and Kon and Porter (47) for further information on rumen sjm- 
thesis 

Steenbock and co-workers (93) demonstrated more completely the importance 
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of coprophagy to the rat They noted that when rats on an apparently normal 
gram ration were deprived of the opportunity to consume their own feces by 
the use of raised, wide-meshed screen-bottomed cages, they developed a “vitamm 
B deficiency On this particular ration they calculated that coprophagy su})- 
phed over 50 per cent of the “vit amin B" requirement of the rats Butcher and 
Francis (19) confirmed and re-emphasized the findmgs of Steenbock, el al 
Heller, el al (40) more directly imphcated bacteria as the source of B vitamms 
furnished m the feces They observed that rats on a vitamm-deficient diet grew 
normally if allowed to consume their own feces, and found such feces to contam 
considerably larger numbers of spore-fonnmg bacteria than feces from rats unable 
to engage m coprophagy 

In 1927 Fndencia, et al (28) and Roscoe (85) mdependently published papers 
which undoubtedly influenced future approaches to nutritional studies They 
descnbed spontaneous recovenes of rats which had been depleted on a vitamm 
B-compIex deficient ration Such recoveries occurred when the rats passed 
bulky white feces with a high starch content Fndencia, el al proposed a new 
term, “refection,” to denote this unusual process It was concluded that the 
spontaneous recovenes observed m their work were due to consumption of 
refected feces The protective phenomenon could be transmitted from ammal 
to animal by feedmg feces from the refected animals Fndencia showed that 
the agent m the feces was thermolabile and did not pass through a Berkefeld 
filter Raw starch was found essential for refection (cooked starch was inactive) 
although devtnmzed com starch, m certam cases, was found to produce the same 
effect, sucrose was not beneficial Fecal contents of refected rats were more acid 
than those of non-refected rats and showed a different bactenal flora The 
hypothesis, therefore, was advanced that “vitamm B”-producmg microorganisms 
had become estabhahed m certam animals on a vitamm-deficient diet which had 
brought about refection Roscoe emphasized the necessity for control of cop- 
rophagy m such nutntional studies m statmg “Whatever constmction of cage 
IS used, there are some rats that cannot be prevented from eatmg their own feces, 
for they secure them and consume them as they leave the body ” 

The mterestmg pomt concemmg these studies on refection was the findmg that 
starch was necessary m the diet for the manifestation of refection Bhss (8) 
corroborated these earher discovenes but was much more successful m producmg 
refection m rats by mcorporatmg raw potato starch m the ration as a substitute 
for the nee starch used by Fndencia, et al and by Roscoe Bliss was not too 
successful m producmg refection with either raw nee or com starches He 
demonstrated that the starch was not the source of the B vitamins Bliss's 
results showmg a differential action of the three different starches may have some 
relation to the work of Langworthy and Deuel (51), who studied the degree of 
assimilation of raw com, wheat and potato starches m three young, healthy men 
by determmmg the amount of starch remammg m them stools Com and wheat 
starches were entirely digested, whereas potato starch was found to be from 62 3 
to 95 2 per cent digested (average of 78^) Com and wheat starches caused no 
complamts from the subjects, but potato starch caused excessive gas formation 
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With abdominal cramps Apparently, the differential effect of vanous dietary 
starches has been ignored by nutritionists m attemptmg to explam the phenome- 
non of refection Accordmg to Coates et al (11), evidence which appears to 
evplam the cause of refection is accumulatmg, and seems to mdicate that the 
amoimt and kmd of carbohydrate available to mtestmal bactena influences the 
degree of vitamin sjmthesis as well as the quahtative nature of the flora Fnde- 
ncia (46) had mentioned this as a problem worthy of more consideration In- 
vestigations elucidatmg the r61e of carbohydrates m nutntion and their effects 
upon the mtestmal flora wiU be reviewed m the next section of this report 

Although, as previously pomted out, several of the earlj’- nutntiomsts obtamed 
evidence which was mdicative of an elaboration of growth factors by mtestmal 
nucro organisms, it remained for Bottomley (9) to observe actual production of a 
nutritive factor by bactena He noted that mcubation of peat with a mixed 
culture of aerobic soil bactena (‘fliactenzed peat”) resulted m stimulation of 
wheat seedhng growth m this peat This growth-promotmg substance could be 
concentrated by chemical procedures similar to those used m purification of 
thiamine Bottomley used wheat seedhngs and Azotobader chroococcum for test- 
ing his fractions, Najjar and Barrett (68) state that this is “probably the first 
instance of microbiological vitamin assay ” Bottomleir’s work no doubt gave 
added encouragement to those who beheved or suspected that mtestmal micro- 
organisms synthesized essential growth factors which were utilized by the host 
However, it was not until the report of Pacmi and RusseU (74) that evidence was 
secured showmg formation of a substance capable of stunulatmg animal growth 
They showed that a water extract of the typhoid bacfllus produced a marked 
growth response m rats mgestmg a “vitamin B”-deficient ration Similar results 
were reported subsequently by Bierry and Portier (7) who observed production 
of animal growth substances by umdentified bactena which they called “sym- 
biotes ” 

Many reports of synthesis by bactena and the needs of bactena for vitamins 
required by animals were made m the foUowmg years (see reviews 45 and 76) 
until it became generally accepted that these lower forms of hfe possessed certam 
metabohc systems similar to those of higher plants and animals (92) The work 
of Burkholder and McVeigh (10) and Thompson (100) conclusively pomted to 
the fact that "obhgate” mtestmal bactena are able to synthesize many of the B 
intamms required by animals However, there were mdications that certam of 
these vitamins might not be so readily available to the host because they were 
retamed withm the bactenal cells This effect was also noted by others (1, 65) 
Also, when one considers the notably poor synthesizmg capabilities of certam 
bactena, e g lactobacilh, enterococci, and clostndia, all commonly encountered 
m the mtest m al tract, it is apparent that a sort of competitive eqmhbnum must 
exist withm the complex biological ^stem of the digestive tract An informative 
study bj’’ Benesch (4) resulted m the discovery that the mixed bactenal flora 
from a human appendix synthesized a considerable amount of mcotmic acid under 
aerobic conditions, whereas anaerobic mcubation brought about destruction of 
this vitamm He sa 5 ^, “It seems that normally there exists m the bowel an 
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ecological system m -whicli aerobic and anaerobic organisms bve together, mth 
the result that an equihbnum is constantly struck between the activities of the 
orga nisms producing and destroymg mcotamc acid ” 

The prophetic work, which has been mentioned, of Fndencia, et of , and of 
Roscoe, mtroduced a new concept m the field of nutntion Their observations 
on refection mtimated that B 5 mthetic factors produced by mtestmal bactena 
were released m the lumen of the mtestme, and that from this source they could 
be absorbed and utilized by the host Thus, refection predisposes to absorption 
of growth factors elaborated by mtestmal xmcroSrgamsms The mitial concept 
of refection was limited to the rat mamtamed under specific conditions It was 
soon realized that refection was merely a special ma^estation of the value of 
mtestmal synthesis to the host In other words, even without true refection, the 
host animals nught benefit from synthesis of vitamins by mtestmal bactena, this 
IS particularly true m ruminants 

With the discovery of refection, together with the earher observation of the 
effects of coprophagy and its value to experimental animals consummg a vitamm- 
deficient ration, a wealth of mdirect evidence rapidly began to accumulate pomt- 
mg toward the value of mtestmal synthesis to animals The ruminant is unique 
m that the seat of vitamm synthesis is located m the antenor portion of the diges- 
tive tract thereby penmttmg more eflacient absorption of the growth factors 
synthesized, and thus ehmmatmg the necessity of coprophagy With non- 
rummant animals such as the rat (upon which more nutntional studies have 
been made than on any other animal), it is a question of the abihty of the ani- 
mal’s gut to absorb such factors as may be synthesized before the feces are 
expelled from the body Therefore, when an adequate ration i^ available, m- 
testinal synthesis may act only m a supplementary capacity 

It has been shown by some workers (2, 50, 70) that there is considerable synthe- 
sis of vitamm K, nboflavm and biotm m the feces of rats and chickens after expul- 
sion from the body Recently, Keimard and Chamberlm (44) have reported 
upon the desirabihty of allowmg floor-htter m chicken houses to accumulate so 
as to be an available source of some of the vitamins (mcludmg the poorly under- 
stood ammal protem factor) These studies have a further bearmg on the r61e 
of coprophagy m ammal nutntion 

A senes of studies on the rat by Guerrant and his co-workers (35, 36, 37, 38) 
has mdicated that a large proportion of synthesized nboflavm, thiamme, and the 
undifferentiated B-compIev m general is passed out of the body before these 
vitamms can be absorbed by the mtestmal epithehum Their results pomted to 
the cecum and colon as the likely areas for the greatest synthesis They showed 
that a cecectomized rat was unable to synthesize sufflcient vitamms to grow 
normally, and required supplements of baker’s yeast or feces from rats on an 
adequate ration An extremely high yeast population was noted m the cecum, 
and this led Guerrant, et al to suggest that yeasts were responsible for biosynthe- 
sis Them work also mcluded a study on the differential effect of vanous carbo- 
hydrates upon growth This subject will be reviewed further m the next section 

Vanous other studies have been conducted to detenmne the site of vitamin 
sjmthesis and the extent to which the vitamins are available to the host A 
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study bj”- Mayhew (58) on the effect of removal of the ceca on the establishment 
and seventy of cecal coccidiosis m chickens showed that uninfected, cececto- 
mized birds on a normal gram ration grew as well as normal, uninfected chicks, 
except dunng the first post-operative week, and that removal of the cecum did 
not m any way impair egg production 

Griffith (34) studied the vitamm “B” and “G” requirements of cecectomized 
rats and reported only shght differences between his experimental and control 
animals Taylor, et al (96) beheved that the basal diet Griffith used “may not 
have been favorable to the maintenance of bactenal growth m the cecum ” 
They found that the cecum of the rat pla 3 ^ a significant r61e m vitamin synthesis 
only when the animal is mamtamed on an madequate diet They as weU as 
Griffith noted a compensatory effect m their cecectomized rats, however, m that 
the diam eter of the upper colon of operated rats had mcreased m size Feces of 
normal rats fed a sub-optunum “diluted Burma ration” contamed more fohc 
acid, pyndoxme, and pantothemc acid but, for no apparent reason, less thi amin e 
Day, et al (16) produced evidence which u.dicates that the cecum of the rat may 
be the mam site of vitamin K synthesis as well as for absorption of this fat soluble 
vitamm However, their results mdicated that the cecum was not the only lo- 
cation for the synthesis of vitamm K smce cecectomized rats on a ration deficient 
only m vitamm K grew well and evidenced no vitamm K deficiency unless one 
per cent suJfasuxidme was mcorporated m the ration, rats with mtact ceca on the 
same ration with sulfasuxidme evidenced no vitamm K deficiencj’’ These results 
are mdicative of the synthesis of ntamm K by bacteria other than those of the 
coliform group smce numerous workers have shown that certam sulfonaimdes 
inhibit proliferation of this group of microorganisms (25, 32, 53, 56, 62, 66, 78) 
Schweigert, et al (88) found that cecectomized rats on complete synthetic rations 
grew as well as the unoperated controls Another report by McGregor et al (59) , 
mdicates that the sites of biotm synthesis m the rat are m the cecum and large 
mtestme 

That the cecum of the rat is different m certam respects from any other seg- 
ment of the mtestmal tract has been pomted out by Bergeun and colleagues 
(5, 6) They found the oxidation-reduction potentials to decrease marked!}^ 
from the anterior to the postenor portions of the gastro-mtestmal tract They 
obtamed Eh values as follows stomach, -1-150, upper small mtestme, —100, 
lower small mtestme, —100, and cecum, —200 miUivolts Thus, the greatest 
reducmg activity is located withm the cecum Thej’^ observed an additional 
mterestmg effect lactose, unlike any of the other carbohydrates used, resulted 
m such a decrease of reducmg mtensities that positive Eh readmgs were obtamed 
throughout the mtestmal tract for as long as 36 days m rats consuming a lactose 
ration This reveahng discoverj^ of the anti-reducmg effect of milk sugar should 
provide a stimulus for further research when one considers the effect of lactose on 
the mtestmal fiora (81) and the reqmrement of the j’oung of aU mammals for 
milk Bergeun and his collaborators also noted that as Eh values became more 
negatn e from the stomach to the cecum, pH values of the mtestmal contents 
mcreased 

Ko conclusive proof concemmg the mam locus of ntamm elaboration m all 
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animals has .thus far been advanced However, several highly enhghtemng 
studies have been published which bear mention Leong (52) reported destruc- 
tion of vitamm Bi m the rat, smce tissue storage of this nutnhte was extremely 
low, even when Bi was used m high concentrations m the ration Abdel-Salaam 
and Leong (1) demonstrated synthesis of thiamme by a nuxed culture of bactena 
from the ceca of rats They moculated a thm suspension of cecal contents mto 
broth and after varymg lengths of tune, the cells and the medium were analyzed 
for thiamme They found the most thiamme present m the cells and medium 
after one day’s mcubation at 37 C, however, by far the most vitamin was found 
to remam withm the cells, and beyond one day there appeared to be destruction 
of thiamme Bactena which were known to be mvolved m this study were 
enterococci, lactobacilh, clostndia and Eschenchta colt Likewise, Tange (95) 
reported the production of nboflavm by cecal bactena of the rat Shoune and 
Swammathan (89) reported that rats on low and high mcotimc acid-containmg 
diets excreted approximately the same amount of mcotmic acid m then feces 
On low mcotmic acid mtakes (5 to 22 #ig per day), as much as 60 ng per day were 
excreted while on high mcotmic acid mtakes (1,250 /ig per day), about 85 ng per 
day were excreted The mcotmic acid content of the hver, muscles and blood 
were stn k ingly similar m rats on the two diets with highly different amounts of 
this factor Hence, there appears to be a certam amount of destruction or bmd- 
mg of mcotmic acid if present m large concentrations 
The destruction of vanous vitamins by bactena tn vitro is now a well established 
fact The classical example is that of decomposition of vitamm C by common 
mtestmal bactena (106, 107) Koser and Baird (49) isolated 26 cultures from 
soil and water which had the abihty to use mcotmic acid as the sole source of 
carbon Microbiological destruction of nboflavm, pantothemc acid and thia- 
nune has been reported (27, 61, 101) Koser’s (48) discussion of “Growth Factor 
Destruction” elaborates further on this question A further mvestigation by 
Reid (79) has shown mdirectly that ascorbic acid when mjected mtrapen- 
toneally m the gumea pig is found m considerable amounts m the contents of the 
stomach and small mtestme, but appears m significantly smaller concentrations 
m the cecum and large mtestme This evidence appears to mdieate that destruc- 
tion of vitamm C occurs m the cecum and large mtestme of the gumea pig, and 
that such destruction may probably be attnbuted to the microbial population of 
the mtestmes Furthermore, it seems plausible that mtestmal destruction of 
certam other of the known vitamins can and does occur This, no doubt, will 
be revealed by experimental work m the near future It is to be hoped that more 
direct means will be employed to prove the occurrence of microbial destruction 
of vitamins m the gastro-mtestmal tract of mammals - 
It bus been demonstrated, both tn vtvo and tn vitro, that bacterial destruction 
of a vitamm does occur and hence this activity may play an important r61e m 
the vitamm balance of the animal host Furthermore, it has been mdicated that 
vitamm synthesis m the mtestmal tract is highly susceptible to the composition 
of the ration (this will be elaborated upon further m the next section) and may 
proceed to greater or lesser degrees dependmg on the particular location withm 
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the tract Additional e\adence of the dehcate balance of the biological systems 
occumng m the mtestmes was compiled by Martm (57) and WooUey (102) The 
former noted that when the vitamin B-complev of a synthetic ration was sup- 
phed as nboflainn, thiamme, mcotmic acid, pyndoxme, chohne and Ca panto- 
thenate, mice grew veil If para-ammobenzoic acid (PABA) was mcluded m 
the ration, the nuce developed a deficiency sjmdrome not unlike that of a panto- 
theme acid deficienc3’’, this deficiency^ could be corrected by the addition of 
mositol to the diet Conversely, if mositol was mcorporated m the ration, a 
PABA deficiency developed Martm postulated that mositol may stimulate 
proliferation of pantothenate-destro3nng microorganisms and that PABA may 
inhi bit them WooUey, also workmg with mice, found that an mositol-free 
S3mthetic ration supported good growth of most of his animals However, m the 
absence of pantothemc acid the mice developed alopecia (loss of hair), a manifes- 
tation of mositol deficienc3' The mositol-S3mthesizmg mice 3uelded mixed cul- 
tures from their droppmgs which were able to form considerable amounts of 
mositol — enough to brmg about recovery of mice affected with alopecia On the 
other hand, such mixed cultures as were isolated from the deficient nuce S3Tithe- 
sized vei^' httle mositol An isolate of Escherichia coh v as found to s3Tithesize 
veiy httle mositol and the presence of gramicidm (an inhibitor of gram-positive 
bactena) had no effect on the degree of s3mthesis b3'^ mixed cultures from alopecia- 
free nuce 

A further factor that may have to be considered m future nutritional studies 
IS that of the r61e of vit amin analogues (84, 103, 104, 105) A recent report by 
Dreizen ei al (18) has shown that antimetabohtes of mcotimc acid, pantothemc 
acid, and thiamme are able to depress growth and acid production of Lacto- 
bacUlus acidophilus m a synthetic substrate However, httle is known of the 
natural occurrence of vitamm analogues and untU this is determined such studies 
may have to be deferred 

An excellent study by Mitchell and Isbell (65) has shed some hght upon the 
degree of vitamin synthesis m the ceca of rats, the site of absorption, and the 
avadabihty of certam B-complex vitamins They studied synthesis of thiamme, 
nboflavm, mcotmic acid, pantothemc acid, p3ndoxme, biotin mositol, and fohe 
acid m rats eatmg lean beef with and without lactose By removmg the ceca of 
rats, centnfugmg the contents and thus separatmg sohds from the hqmd, the3’- 
were able to determme the amoimt of bmdmg of the various vitamins withm the 
bactenal cells They found that mositol, thiamme, nboflavm, mcotmic acid and 
pantothemc acid were tied up m the cells to a considerable extent whereas the 
other members of the B-complex studied would readily diffuse from the cells mto 
the medium To detemShe the site of absorption, they took sections of the 
salme-washed walls of the stomach, upper small mtestme, lower small mtestme, 
cecum and colon, ground them immediately upon remo\ al, and extracted them 
with boihng water These water extracts were then anal3^2ed for certam B 
vitamins (fohe acid, biotm and pantothemc acid) They found that there vas 
absorption of these B ntamms at eveiy^ lei el of the tract but that it was consider- 
ably greater m the walls of the cecum Smee the amounts of B vitamins m the 
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cecal wall extracts were similar m magnitude to those values obtamed for the 
medium surroundmg the bactena, they beheved that there exists a more or less 
free passage of vitamms from bactena m the cecum mto the animal tissues The 
action of the two diets differed m numerous respects, the mam one bemg that the 
diet with lactose resulted in a shghtly greater synthesis of most of the vitamins 
in the cecum From their extensive study, Mitchell and Isbell calculated the 
approxnnate percentages of the dietaiy mtake of B vitamins supphed by mtesti- 
nal synthesis t hi am i ne, 8 to 18, nboflavm, 5 to 19, mcotmic acid, 1 8 to 3 5, 
pantothemc acid, 11 to 68, pyndoxme, 130 to 230, biotm> 230 to 430, mositol, 
0 08 to 0 1, and fohc acid, 67 to 71 per cent Figures over 100 per cent mdicate 
that more of the vitamm was synthesized than was ingested Apparently, cer- 
tam sjmthesized vitamms are more available to the animal than others accord- 
mg to this study Unfortunately, Mitchell and Isbell did not attempt a study 
of more than two rations, but one might anticipate that the availabdity of the 
vanous B vitamins, i e the degree of retention withm the bactenal cells, might 
vary considerably according to the ration employed, and the presence or absence 
of carbohydrate 

Gall and her co-workers (29, 30, 31) have reported on a study mvolvmg two 
highly mbred strains of imce differing m their degree of requirement for nboflavm 
and pantothemc acid, stram Cst is black and possesses a high amount of resistance 
to mammary tumors whereas stram A is albmo and is very susceptible to mam- 
mary tumors Stram Csr was found to require less nboflavm and pantothemc 
acid m its diet than the albmo stram These workers felt that this nutntional 
difference m the two strains of mice might be reflected m unlike bactenal floras, 
and that members of the flora from the two strams of mice might show a great 
enough difference m their respective abihties to synthesize the vitamms m ques- 
tion that such a difference could explam the dissimilar nutntive needs of the mice 
In report Ef, they studied the predominant bactena from the lower small mtes- 
tme and cecum of the two strains of mice (they believed that the lower bowel is 
the hkely area for absorption of synthetic products liberated by bactena) on 
three rations a stock ration of Purma Laboratory Chow, ration 101, an mcom- 
plete synthetic ration with dextrose as the carbohydrate, and ration 133, which 
was more complete than 101, and mcorporated dextnn as the sole carbohydrate 
They found each ration to result m a characteristic bactenal flora m the lower 
mtestmes consistmg of one or more specific morphological types The stock 
ration resulted m the highest bactenal counts m the cecum, the ceca of animals 
on this diet were larger In their third paper, they reported isolation of bactena 
from the highest three dilutions of the mtestmal contents m order to obtam 
representatives of the predommatmg types and to fetenmne their abihty to 
synthesize nboflavm, macm, biotm, fohc acid and pantothemc acid No cul- 
tures were identified except colifonns and theur methods of assaying for synthesis 
of the above-mentioned vitamins were semi-quantitative m nature Hence, no 
revealmg conclusions could be drawn In their final paper, a basis for explaini^ 
the nutntional differences m the two strains of nuce was reported On a punfied 
ration, it was found that the total weight of the cecal contents of the two strains 
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was significantly different, although the bactenal count per gram of cecal mate- 
nal was essentially the same for both mouse strains Stram Cs? had the greatest 
tot-al amount of cecal contents and stram A the least On this basis they postu- 
lated that Cb 7 actually possessed the largest total numbers of cecal bactena and 
therefore greater amounts of vitamins were sjmthesized and absorbed m nuce of 
this stram than m stram A This explamed their results admirably masmuch as 
stram Cb 7 possessed the lowest requirement for nboflavm and pantothemc acid 
When the tv o strams of mice v ere mamtamed on a stock ration, these differences 
m cecal contents were not apparent It is mdicated from the results of GaU, 
et al , that not only is there a wide variation between the nutritional reqmrements 
of various species of ammals, which m certam instances can be explamed on the 
basis of mtestmal flora, but that there may also occur variations m the nutn- 
tional needs of strams of animals withm one species that may be a function of 
mtestmal biosynthesis 

It was not imtil the past decade that our knowledge of the various ntamms, 
particularly members of the water soluble B-complex, was sufficient to permit 
the use of highly purified, chemically defined rations, commonly referred to as 
“synthetic rations ” Accordmg to Elvehjem (20), “Before 1940 any attempt to 
grow rats on a vitamm-B-complex-free ration supplemented with the crystalhne 
vitamins then available resulted m complete failure ” Withm a short tune it 
was discovered that the addition of pantothemc acid, thiamine, nboflavm, 
macm, pyndoxme, and cholme as the only B ^^tamms to purified rat rations re- 
sulted m good growth and reproduction Elvehjem, and no doubt many other 
nutntiomsts, was not convmced that these six members of the vitamm B-complex 
were the only ones required by the rat, but rather were the B vitamins S 3 mthe- 
sized to the least degree by mtestmal imcroorganisms — a view wed substantiated 
by hlitchell and Isbell (65) Other vitamms apparently were needed by the rat 
but mtestmal synthesis of them was so great that their presence m the ration 
was not a prerequisite 

Such a theory was difficult to substantiate until Marshall, et al (56) reported 
the bactenostatic effect of the poorly absorbed sulfonamide, sulfaguamdme, on 
mtestmal bactena (especially cohforms) Therefore, an approach was suggested 
whereby it might be detenmned whether or not mtestmal sjmthesis of other 
factors was occumng m the rat as a result of subdumg the activities of some mtes- 
tmal microorgamsms The response to this suggestion was immediate, particu- 
larly by workers at the Umversity of Wisconsm, the National Institute of Health, 
and the Johns Hopkms Umversity Withm a few years’ tune it was discovered 
that mcorporation of poorly absorbed sulfonamides m the ration resulted m 
deficiencies corrected by para-ammobenzoic acid, biotm, fohc acid and vitamm 
K Almost without exception, a considerable reduction m the numbers of 
cohform organisms accompamed the presence of certam sulfonamides m the diet 
The report of Gant, et al , (32) mdicated that the cohform flora maj’’ gradually 
re-establish itself m the presence of sulfaguamdme and sulfathiazole, but Aliller 
(62) found that neither a “sulfa-resistant” nor a “sulfa-sensitive” stram of E 
colt was able to synthesize as much fohc acid m the presence of sulfathiazole as m 
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Its absence Evenson, ei cd (25) found not only the cohform flora to be affected 
by use of sulfathiazole m rat rations, but that lactobacilh also were reduced in 
numbers by the presence of the drug 

For a complete review of work reported on the use of sulfonamide drugs in 
nutntional and bactenal flora studies it is suggested that the reader consult 
Evenson (24) and the e-?cellent, comprehensive review by Daft and Sebrell (15) 
Undoubtedly the use of bactenostatic agents which are not harmful to the host is 
becoming a useful tool m determmmg the evtent of vitamm synthesis by mtestmal 
micro6rgamsms, and the exact nutritional requirements of various animals, in- 
cludmg hu m ans ‘ This type of study is analogous to attempts to raise animals 
free from mtestmal organisms, although the latter would appear to be the more 
ideal approach to the problem of dependence of animals on synthetic products 
elaborated m their mtestmal tracts by microSrgamsms However, progress m 
raismg sterile animals has been slow, probably because there is synthesis of as yet 
umdentified growth factors which must be present m rations of bactena-free am- 
mals for them to survive and ^w 

In this section, an attempt has been made to cover the more important reports 
leadmg up to the undeniable significance of mtestmal microSrganisms m the 
nutrition of the host ammal However, the hterature is extremely volurmnous, 
and a complete coverage would be unwieldy and perhaps confusing Therefore, 
it is advised that the reader supplement this summary by conaultmg several 
more extensive reviews (16, 20, 21, 22, 45, 46) 

THE EPFECT OP VAHIOUS CARBOHSDHATES ON THE rNTESTTNAIi FLOKA. 

AND UPON NUTRITION 

As a result of the important discovery of refection (discussed m the previous 
section), attention was directed to the r61e of the carbohydrate component of the 
ration m mtestmal 83mthe3i8 The effect of lactose and lactose-containmg foods 
upon the mtestmal flora of experimental animals was known for a considerable 
tune (81) before the observation of refection It was known that a low carbohy- 
drate, high protem diet resulted m a flora deficient m lactobacilh and contaimng 
large numbers of cohfonns and putrefymg types of bactena By mcorporation 
of more carbohydrate, especially lactose, and reducmg the protem m the diet, 
it was shown that the numbers of lactobacilh would mcrease and putrefymg 
rmcroSrganisms would be considerably reduced m numbers The necessity of 
starch for production of refection offered a clue as to the r61e of carbohydrates m 
nutation 

Mitchell (63, 64) reported that dextrm and starch supplemented with the usual 
components supported the best growth of rats, while maltose and sucrose were 
fair, and lactose poor m this respect She found that by usmg mixtures of com 
staich and lactose (60 per cent total carbohydrate), a ration contammg these 
carbohydrates m a ratio of 1 1 resulted m growth as satisfactory as when all the 
carbohydrate m the diet was starch Any ratio m favor of lactose resulted m 

. It must be realized, however, that bactenostatic agents may do more than just inhibit 
growth of certam vitamm synthesizing organisms m the intestmes 
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reduced growth responses She also noted that as the per cent starch was in- 
creased m the ration, the per cent total carbohydrate remammg m fecal droppings 
decreased Apparently lactose was less readily assimilated m the rats she used 
than was starch Whether this preferential action on starch was a reflection of 
microbial activity, or of an msufficienc 3 '' of normal alimentary lactase, or, more 
probably, a delicate combination of both of these factors, cannot be determmed 
from hlitchell’s work Such information would be highly useful 

Guerrant, et al (35, 36, 37, 38) made a senes of studies which elaborated on 
hlitchell’s results They studied rats on rations deficient m vitamms “B” and 
“G” and observed an mcreased demand for these deficient factors when devtrm 
was replaced by sucrose, lactose, glucose, or commercial com starch Thus, 
dextrm encouraged a vitamm-synthesizmg mtestinal flora These workers con- 
cluded that the difference between the carbohydrates was due to the fact that 
mono- and disacchandes and starch were more qmckly assimilated than was 
devtrm, thus, with dextrm, a residual amount of carbohydrate was available for 
synthesizmg bactena m the lower regions of the tract (they found the greatest 
synthesis to occur m the cecum) To test their hypothesis, they determmed the 
reducmg mtensity, expressed as milh-eqmvalents (ME) of glucose, of cecal con- 
tents of rats on the deficient ration with vanous carbohydrates Reducmg values 
of from 43 to 80 IME were obtamed from cecal contents of rats on starch, lactose, 
glucose and sucrose However, values obtamed from rats on dextrmized com 
starch ranged from 292 to 327 ME These results, unfortunately, have not been 
further mvestigated, and it would be mterestmg to determme the necessity of 
utihzable carbohj'drate for the elaboration of members of the vitamin B-complex 
by bactena of the mtestinal tract 

Morgan, et al (67) studied the relationship between the type of dietary carbo- 
h 5 '^drate and deficiencies of ^bofla^'m, vitamm Bj (pyndoxme) and the filtrate 
factor (pantothemc acid) m rats They reported that lactose favored synthesis 
of nboflavm and pyndoxme, com starch favored synthesis of pantothemc acid, 
and sucrose favored synthesis of none of these three members of the B-complex 
Rats on the deficient diet contammg starch grew best although sometimes they 
developed a dermatitis In a similar study (94, 95), it was found that sucrose 
was very effective m producmg severe nboflann and Be deficiencies m rats, mam- 
fested by the appearance of cataracts and a dermatitis, respectively, whereas 
com starch was beneficial, although the animals grew poorly It was further 
noted that rats on B-deficient rations fed feces from lactose- and dextrm-fed rats 
grew normally, but that feces from rats consummg any other carbohj’-drate were 
meffective m alleviatmg the deficiency sjmdromes The phj’sical appearance of 
fecal droppmgs from rats fed lactose or dextrm was normal, while those from rats 
on sucrose, glucose or starch diets were hard, poorly formed, and small The ceca 
of autopsied rats fed lactose or dextrm rations were distended and well filled, 
while those from animals on one of the other carbohydrate diets were contracted 
and rather empty Riboflainn was isolated only from feces of rats fed lactose- 
or dextrm-contammg rations, and it was beheved that these two carboh} drates 
fa\ ored the development of a synthesizmg flora 
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Despite the universal behef that carbohydrates are essential m the ration (22), 
Folhs and Straight (26) published a brief report upon the occurrence of adequate 
growth of rats on a purified ration devoid of carbohydrate This report seems not 
to have been substantiated, and until it is, any further comment is reserved 
Unfortunately, they reported no bactenological studies on these nmmnk 

Erschoff and Deuel (23) found rations containing lactose or beta-lactose to 
produce alopecia and diarrhea in rats on presumably "complete” diets Com 
starch, sucrose and galactose m the same rations supported good growth with no 
evidence of vitanun deficiencies Their results do not entirely agree with those 
of other mvestigators already mentioned Mannenng, et cH (55) found diets 
deficient only m nboflavm to be m every way adequate for rats if the carbohy- 
drate component were either dextnn or starch Isocalonc replacement of the 
carbohydrate with lard resulted m nboflavm deficiencies as did the use of cellu- 
lose, sucrose or lactose Then- results led them to conclude, as did Guerrant, 
ei al , that mcomplete digestion of dextnn or starch allows some of the carbohy- 
drate to reach the cecum where it can be utihzed by vitamm-synthesizing bac- 
tena On the other hand, sucrose probably is entirely assimilated before peris- 
talsis brmgs the ingesta down to the large mtestme and cecum, where the greater 
share of 83 Uithesis presumably occurs Results mdicatmg beneficial effects of 
lactose have been announced by Schwagert, et d (88) who noticed that lactose 
served as a better stunulant for the synthesis of thiamine and nboflavm than 
dextnn, but that the latter was more stimulatory than sucrose 

Bartree, et d (3) obtamed evidence mdicatmg the stimulatory effect of avail- 
able sugar upon the mtestmal flora They found that when three pounds of glu- 
cose were fed to a cow m addition to the customaiy feedmg of hay, the direct 
bacterial counts m the rumen soon mcreased 100 per cent over what they had 
been The desirabihty of a simultaneous study on vitamm synthesis is mdicated 
by these results and might provide some explanation for the differential effect of 
vanous carbohydrates upon mtestmal synthesis There is good reason to beheve 
that the “synthesiamg areas” of the mtestmal tract — the cecum and the large 
mtestme — ^behave similarly to such a stimulus 

Many reports m the hterature mdicate the supenonty of deictnn over other 
carbohydrates m promotion of mtestmal synthesis Luckey, el d (54) found 
that low levels of dietary fohc acid were m no way impairmg to chicks, provided 
com meal or dextrm was the source of carbohydrate Sarma, et d (86) found 
dextrm to encourage pyndoxme synthesis m rats on a Bs-deficient ration, glucose 
and sucrose were not stimulatory An extensive study by Skeggs and Wnght 
(90) showed that lactose fafled to promote growth or survival of rats on a com- 
plete synthetic diet They found dextnn-fed rats to excrete appreciably more of 
all the B vitamins, except nboflavm, than did rats on sucrose, cerelose, lactose or 
com starch Such rats also stored more pantothemc acid than did rats on any 
of the other carbohydrates Them study also embraced work on the effect of 
succmylsulfathiazole on rat nutation They found that rats developed a com- 
bmed fohc acid and biotm deficiency when fed succmylsulfathiazole m 2 per cent 
amounts no matter which carbohydrate was employed m the ration It was 
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shown that the drug produced a marked decrease m the numbers of E coli but 
that neither succmylsulfathiazole nor the tj^ie of carbohydrate appeared demon- 
strably to alter the kinds or numbers of other bactena m the mtestmal tract A 
recent study by Teplj’', et al (97) further strengthened the already strong e^^dence 
concemmg the stimulator}'’ effect of dietar}’’ dextrm on mtestmal synthesis 
When fed a ration deficient m macm and fohc acid, rats mgestmg de-rtrm as their 
sole carbohydrate synthesized a considerable amount of these two vitamins, 
especially m the cecum, but rata fed the same ration with lactose instead of dex- 
trm developed homologous deficiency syndromes They also found that addition 
of excess macm mcreased the amount of fohc acid recovered m the cecum, con- 
versely, addition of excess dietaiy fohc acid mcreased the amount of macm 
recovered m the cecum 

Nath, et al (69) have reported that the cecal contents of rats on a lactose-con- 
tammg diet had greater total numbers of bactena, more cohforms, and more tac- 
tics than cecal contents of rats on sucrose or dextrm-containmg diets Dextrm 
m the diet was found to favor higher numbers of cohforms m the cecal contents 
than sucrose The aerobic and anaerobic plate counts, as weU as the numbers 
of cohforms, were found to be decreased m the ceca of rats fed sucrose diets 
contammg a high level of com oil (28 per cent) However, supplementation of 
the high fat diet with reticulogen was found to counteract the inhibitory action 
of com od upon the growth of cecal microorganisms 

In an unpublished stud}’’ by Krehl and Carvalho (Elvehjem and Krehl, 22), 
the use of dextrm m pantothemc acid-deficient diets greatly improved rat gro'wth 
over that obtamed with sucrose, this result could be correlated ’with higher levels 
of this vitamm m cecal contents, hver and muscle tissues Krehl and Carvalho 
also found that biotm deficiencies were delayed m the rat when dextrm was used 
instead of sucrose as the only dietaiy carbohydrate “despite the fact that the 
dextrm-fed rats grew better, which would tend to mcrease the demand for 
biotm ” 

The latter work was well substantiated and enlarged upon by Couch, et al (14) 
m their study on biotm deficiency m the chicken A s}Tithetic ration deficient 
m biotm and differmg m its carbohydrate component was fed to laymg pullets 
The rations employed were as follows (a) sucrose -|- basal, (b) dextrm -j- basal, 
(c) lactose -1- sucrose + basal, (d) sucrose -k basal -j- biotm, (e) whey -f sucrose 
+ basal, and (f) a practical gram ration to serve as an additional control Four 
hens were mamtamed on each of the six rations It was found that the hens 
fed the dextrm diet synthesized adequate amounts of biotm m their mtestmal 
tracts smce their egg production was normal, the biotm content of the eggs 
produced was nearly equal to that of hens on the gram or “complete” synthetic 
diet (ration d), and hatchabihty of eggs from these hens was normal In these 
respects, sucrose, whey, and lactose were poor A concurrent study on these 
hens by Johansson, et al (43) showed that birds on the sucrose ration had a 
fecal cohform flora almost too low to be detected, whereas dextrm-fed hens were 
found to have a very large cohform flora m their fecal droppmgs Lactic acid 
bactena were found to occur m the greatest numbers m the feces of hens fed 
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lactose- and b hey-contaming diets It seems probable that the favorable effect 
of dextrin in biotm deficient rations for chickens hes m the estabhshment of 
conditions in the mtestmal tract favorable for synthesis of biotin Actually, 
there might have been no important quahtative or quantitative differences in the 
mtestmal flora of these birds on the vanous diets if one accepts the well-founded 
theory that dextnn is less rapidly assunilated than other dietary carbohydrates 
The mere presence of significant amounts of fermentable carbohydrate m the 
loner mtestme may be a prerequisite for vigorous biotm ^thesis, if the amount 
of carbohydrate remaming after assunilation is too httle, biotm ^thesis might 
be hmdered 

Actually, there have been few concerted attempts to design experiments from 
which data could be derived pomtmg to the exact nature of the influence of the 
type of dietary carbohydrate on the elaboration of nutrflites withm the gastro- 
mtestmal tract A wealth of mdirect information has accumulated smce the 
advent of synthetic rations and there is, no doubt, a significant relationship 
between the degree of intestinal biosynthesis and the accompanymg carbohy- 
drate m the diet It appears, therefore, that the nature of dietary carbohydrate 
18 very important when the degree of mtestmal vitauun synthesis by micro- 
orgamsms is considered The greatest share of evidence pomts to the more 
complex carbohydrates as bemg the most stimulatoiy m vit amin synthesis, and 
the simplest carbohydrates as bemg the least stimulatory 

More informative studies similar to those of Mitchell and Isbell (65) and of 
Benesch (4), which have been reviewed m the first section of this paper, would be 
welcome and should contribute matenally toward our understandmg of the basic 
r61e of mtestmal microSrgamsms We know that there are numerous influences 
upon the types, numbers and activities of mtestmal microSrganisms, e g , diet 
(which m itself is an extremely variable factor), pH, Eh, the animal species in- 
volved, the normal digestive activity, and possibly certam other factors (surface 
tension, mmeral concentration, natural metabohc antagonists, ^ergisms, and 
age of the animal) Therefore, the ecological system occurnng m the alimentary 
canal must be complex and dehcately balanced, and lends itself poorly to ac- 
curate scientific study Efforts to raise animals free from mtestmal bacteria, 
though sometimes successful, do not necessarily prove that an mtestmal flora is 
superfluous for proper nutation It must be reahzed that such annuals are 
mamtamed on the most nutationally adequate diet that it is possible to provide 
In all probabihty, most animals, and human bemgs m particular, are rarelj 
provided with a completely balanced diet, and apparently rely upon synthetic 
activities of their mtestmal microorgamsms to provide many of the deficient 
growth factors 
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An attempt to clarify the relationships between Bactena and Myxophyceae'^ 
hardly needs an excuse If one or other reader were mduced to contnbute facts 
or considerations that constituted a step forwards, it would be the best justifica- 
tion for this review The imperfect state of the conclusions reached is partly 
due to the unequal value of the hterature which is so extensive and scattered 
that the wnter found it impossible to use it as fully as he had mtended 

The errors often encountered consist m the reference of certam microorganisms 
to Bactena or Myxophyceae or their mterpretation as mtermediate forms be- 
tween these two large classes on the basis of superficial resemblances In such 
nunute and often httle differentiated organisms detailed study and steadily im- 
proved methods of mvestigation are requisite m order to determine what charac- 
tensbcs are of taxonomic importance Certam errors have persisted long after 

^ I wish to express my smcere thanks to Dr B N Smgh (Rothamsted) and Mr E A 
George (Cambridge) for readmg the manuscript and to Prof F E Fntsch for criticism 
and corrections 

*“The name Myxophyceae has priority over the possibly more smtable designation 
Cjanophyceae The class is also often named Schizophyceae or Phycochromaceae ” 
(Fntsch, 1945, p 769) The popular name is Blue-green Algae 
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the means for their removal were available owmg to the lack of trained mvesti- 
gators sufficiently mterested m theoretical questions of general microbiology It 
18 the aun of this article to show what conclusions can be reached with the help 
of the available facts, and to mdicate where renewed mvestigations would prob- 
ably yield far-reachmg results 

The idea that Bacteria and Myxophyceae were closely related ongmated from 
Cohn (1853) He had discovered apochlorotic Algae, i e , unpigmented organ- 
isms obviously denved from pigmented ancestors by the loss of chromatophores. 
This led him to compare other colorless microSrgamsins with pigmented ones, 
and to group together m his system of classification those orgamsms of either land 
that showed the greatest sunilanty At that time it was an established principle 
to use only moi^ihological features for taxonomic purposes, while color was re- 
garded as a secondary, merely physiological property In Cohn’s day it was 
easier to find colorless counterparts to pigmented forms smce both were far less 
known 

Cohn’s further aim was to find a means of arrangmg the chaotic host of Bactena 
by differentiatmg them by their shape and behavior, and he thus became the 
father of scientific bactenology He expressed his opimon of their status m the 
foUowmg words “The Bactena (Vibnones) appear all to belong to the Vegetable 
Kingdom, showing a near and immediate sunilanty to obvious Algae ” The 
Algae he had m mmd were the Myxophyceae nhich were referred to the Algae 
because of their possession of assumlatory pigments Eighteen years later Cohn 
(1871/72) published his natural system of the cryptogams He recogmzed that 
the Bactena had no relation to yeasts and moulds, as was then often held, and 
referred them to a new group, the Schizosporeae, to which he subsequently gave 
the more suitable name Schizophyta The latter compnse the Schizophyceae 
(Myxophyceae) and the Schizomycetes (Bactena) In a commumcation on the 
“Verwandtschaftsbeziehimgen der Bactenen’’ (1875) Cohn gave a more detailed 
account of his views The Bactena were considered to be near, though pnmitive 
alhes of the Myxophyceae, adapted to a saprotrophic or parasitic mode of life 
While refutmg any relation to Animals or Eungi, Cohn stated that “The Bactena 
are at the lower end of the hne of Myxophycean evolution,” although a closer 
relation between certam forms of the two classes was assumed 

An inclination to mclude unpigmented forms among the Algae wherever possi- 
ble became widespread Rabenhorst (1864/68) referred the entire Bactena to 
the Myxophyceae, thus Sarcina is grouped with the Chroococcaceae, Bacillus, 
SptnUum, SpJmerotaus, etc , with the OsciUanaceae For some time Cohn's 
views were widely accepted, m part owmg to the influence of Sachs’ textbook 
(1868 and later) which was predominant (cf Pnngsheun 1932b, pp 184 seq) A 
few biologists, however, opposed early Van Tieghem (1880, p 177) in his com- 
mumcation on the "Affimtes des BactAnacdes et des Phycochromac^es” claimed 
to have found green Bactena which were not Myxophyceae, and colorless M 3 'xm 
phyceae which were not Bactena He therefore emphasized the wide gap be- 
tween the two classes and mentioned as the mam differentiatmg features the 
mode of spore-formation m the Bactena and the pigments associated mth chloro- 
phyll m the Myxophyceae, although their nature was not known at that time 
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De Bary (18S4) also opposed Cohn’s sjEtem of classification Under his in- 
fluence the “Fungi” were agam regarded as a distinct group, separate from pig- 
mented plant orgamsms Some authors even went so far as to regard as a 
“Fungus” everj^ colorless non-flowermg plant At the present day pigment-free 
forms recogmzable as belongmg to a definite group of chlorophyll-contammg 
plants are referred to that group, while of others it can only be said that they 
appear to be descended from a long senes of colorless ancestors (Prmgsheim, 
1941) 

This pomt of view was mitiated by Cohn himself At first (1875, p 202) he 
combmed colorless and pigmented groups quite logicall}’’ because he beheved that 
“genera founded on pigmentation have only conventional value ” Such differ- 
ences he regarded merel}’’ as phj'^siological and therefore not significant for sys- 
tematic purposes By degrees, however, he became aware of the difficulties of 
groupmg together Schizophj'ceae and Schizomycetes The flagella detected m 
motile bactena m particular made him cautious “The existence of flagella m 
Spirillum volutans, which constitute an approach to the FlageUata renders the 
natural position of these orgamsms doubtful because no Oscfilatonacea (i e , 
motile Myxophj'’ceae) possesses flagella” (Cohn, 1871 /72, p 187) Thus he very 
early recogmzed one of the mam obstacles to a close affimtj’' between Bactena 
and hlyxophyceae, and it is surpnsmg that van Tieghem does not refer to it 
Cohn was followed by his collaborator Schroeter (1889, p 141), who agam em- 
phasized the endogenous spore-formation of Bactena as a feature differentiatmg 
them from the MyxophjTeae 

Gradually more and more opmions against the habitual groupmg together of 
Bactena and hijwophyceae found expression, so that eventually it was almost 
completely abandoned but for some nomenclatural rehcs 

Pascher (1931, p 330) is outspoken m his rejection of a common taxonomic 
umt embracmg the Bactena and the Mjrxophyceae Although he groups the 
Cyanophyta (h'lyxophyceae) together with the Schizomykophyta (Bactena) as 
“Plantae holoplastideae” bj' contrast to other vegetable orgamsms or “Plantae 
euplastideae,” he regards them as completelj’" mdependent tnbes “The fact 
that there are also colorless blue-green Algae by no means justifies the assumption 
that the Bactena are an apochromatic hne parallel to the Mjwophyceae Mjwo- 
ph 3 neae and Bactena (the latter m the real [eigenthchen] meanmg of the word) 
at present possess no relation to one another I share completelj’' Geitler’s new 
Very diverse structures are still accepted as Schizomycetes true Bactena, apo- 
chromatic blue-green Algae, probably also verj’’ reduced Fungi, and possibly 
orgamsms of j et another ongm ” Which “Bactena” Pascher would mclude m 
the last two instances he does not saj’’ 

Bhdradvdja (1940, p 203) devotes a chapter to the “Eelation between the 
jNIjwophj'ceae and the Thread-bactena,” statmg that “no connncmg endence 
has yet been available to lend support to anj’’ affimtj’’ between them ” 

Stamer and van Niel (1941), on the contrarj^ come to the conclusion that the 
jMjwophj'ta (jMj’xophi'ceae) resemble the true Bactena far more closeh* than 
thej' do anj' of the other algal groups (p 450) Thej" beheve that Bactena and 
blue-green Algae hai e onginated from common ancestors and summanze their 
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common charactenstacs as follows (1) absence of true nuclei, (2) absence of 
sexual reproduction, (3) absence of plastids (p 449) 

These three features are employed to define the “Emgdom of Monera” (p 
466), a term Stamer and van Niel prefer m place of Cohn’s Schizophyta The 
entirely negative characteristics upon which this group is based should he noted, 
and the posaibihty of a convergent evolution of the two classes be seriously con- 
sidered Stamer and van Niel’s conclusion (p 450) that “it seems at least possi- 
ble that the blue-green Algae of the Ckroococcus type have developed from the 
Eubactenales as a second photosjmthetic Ime, at first paraUehng morphologically 
the Purple Bacteria, but undergomg in the course of time a far more complex 
morphological evolution”, is so mterestmg that it wiU be considered more fully 
later 

Fntsch (1945, p 860) agam is not m favor of groupmg Bactena and Myxophy- 
ceae together “With the true Bactena, despite an analogous lack of cell differenti- 
ation, any close aflmuty appears to be ruled out ” In relation to Beggiatoa and 
Thiothnx he says “The facts suggest the possibihty that these types belong 
to a plurahty of evolutionary fines divergmg from a remote ancestry, from which 
the Myxophyceae also arose ” These cautious statements are characteristic of 
the modem reluctance to admit phylogenetic relatians without very distmct evi- 
dence 

Dubos, who may be cited as a representative of the bactenologists, is less 
cautious when he says (1946, p 6) “One finds among bactena organisms which 
show strong resemblances to certam of the blue-green algae, to the fungi, to the 
myxomycetes, or to the protozoa, and which can only be distmguished from these 
microorganisms by their much smaller size ” It may be surmised that he has 
m mmd the Beggiatoaceae, the Actmomycetes, the Myxobactena, and the Spiro- 
chetes, but the statement as to the nature of the differences must be rejected 
The Beggiatoaceae are not smaller than their pigmented counterparts, the Oscil- 
latonaceae, on the contrary Beggiaioa mirabdis is the largest member of both 
famihes, and Achromatium may likewise be very big (cf p 68) The other 
groups, which Dubos may have bad m mmd, exhibit no more than a superficial 
resemblance to Bactena and to the organisms he mentions 


Dubos contmues “Some mvestigators have looked upon bactena as a primi- 
tive, homogeneous group from which higher types have arisen It appears more 
likely, however, that these microorganisms constitute a heterogeneous group of 
unrelated forms Even among the Eubactenales — ^the so-caUed true bactena 
one finds strange bedfellows, such as small Gram negative autotrophic organ- 
isms, the Gram positive proteolytic spore-formers, the acid-fast bacilh, which 
differ BO profoundly from each other m metabolism, structure, and even mode of 
division as to have httle m common except microscopic dimensions ” This 
statement should have been more clearly substantiated If there are any in- 
vestigators of weight, who regard the Bactena as a homogeneous ^oup, they 
should have been named The differences m metabolism are now known no 
to be so great as to justify wide taxonomic separation What differences m ce) - 
division has Dubos m mmd? If he is certam of the gaps between the vanous 
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groups of Eubactena, ivhy does he not submit a scheme of classification for which 
hactenologists are waitmg? 

I TAXONOUT OP BACTERIA AND NATURAL RELATIONSHIPS 

The answer to the question whether there is an affimty between Bacteria and 
Mj’Nophyceae depends so much on the delimitation of these groups that some 
space must be devoted to a discussion of these matters In the case of the 
Mj^xophyceae it is relatively easy to define the class All authonties agree that 
they are a natural group without affimties to other algal classes (Fntsch, 1945, 
p 859), except a most doubtful one to the Bangiales, and differmg from the other 
microorganisms under discussion m possessmg true chlorophyll The so-called 
Chlorobactenaceae or Cyanochlondmae (Geitler and Pascher, 1925) alone re- 
mam of doubtful affinity (cf p 80) 

The taxonomy of the Bacteria m the widest sense is much more difficult It 
has unfortunately been customary, m order to secure any kmd of practical 
arrangement, to divorce the classification of the fonns from the problem pre- 
sented by then natural groupmg based on phylogenetic considerations Hence 
the deplorable state of bacterial classification (Pnngsheim, 1923), severely criti- 
cized again by Stamer and van Niel (1941, p 439) 

The paucity of differentmtmg morphological features makes it imperative to 
employ every available character m order to descnbe the vast number of bac- 
tenal species (Pnngsheun, 1923, p 364) The mam problem is to define the im- 
portance of these characters m relation to the distmction of larger and smaller 
taxonomic entities respectively To the morphological characters provided by 
celldiape, mode of flagellation and presence or absence of spores, which are used 
m the first mstance, the gram stam has been added as a characteristic of equal 
importance (Pnngsheun, 1923, p 375) This latter has meanwhile been found 
to “divide the bacterial world mto two groups which differ profoundly” (Dubos, 
1945, p 294) 

Bj’’ making use of all these means the genera Pseudomonas, Vibrio, and Spiril- 
lum have been recogmzed as alhed These genera were removed from the Bacd- 
laceae and called Spmllaceae (Pnngsheim, 1923, p 376) The latter might well, 
however, be regarded as of higher rank than a f amil y (cf p 81) Why later 
authors took Pseudomonas instead of Spirillum as the type-genus and called the 
family Pseudomonadaceae (Klu 3 wer and van Niel, 1936, p 388, Stamer and van 
Niel, 1941, pp 441, 453) is not apparent Bergey (1939, p 82) attnbutes the 
name Pseudomonadaceae, used m that sense, to Winslow et al (1917, p 555), 
but these authors use it m a narrower sense, with the exclusion of Vibno and 
Spirillum hloreover, the group Ehodobactermles was established to mclude 
the photosjmthetic bacteria as opposed to the colorless sulphur bacteria (Pnngs- 
heim, 1923, p 374), with which they had long been associated (Stamer and van 
Niel, 1941, p 448) 

Most recent authors, though acceptmg these propositions, do not go far enough 
m utilizing all available evidence of differentiation or of afimnty among bacteria 
for taxononnc purposes When the taxonom}’- of other groups of orgamsms was 
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in an embryonic state comparable to that of bacteria at the present day the first 
advance always consisted in singling ojit assemblages of species which were ob- 
viously closely aUied Between such groupings sets of more or less mtennediatc 
forms could be recognized, until there remamed only a few aberrant forms A 
similar procedure has been adopted m the Bactena, but often without sufficient 
consciousness of the necessity of bnngmg together the species with the laigest 
number of common features Otherwise such unnatural groups as the Thio- 
bactenales, the Tnchobactenales, and the Caulobactenales, would not have been 
established 

The Thiobactenales are supposed to be charactenzed bv the presence of sul- 
phur or of red pigment or of both m then cells, without the latter forms consti- 
tuting a phylogenetic bridge between the two other groups, so that this classifica- 
tion IS neither natural nor practical The only common characteristic of the 
Tnchobactenales is the filamentous habit, although they do not comprise all 
fiilamentous bactenal forms The only common features of the Caulobactenales 
(Hennci and Johnson, 1935) are their stalk-like exudations, the nature of which 
IS unknown m most of them, and where it is known, is not the same m all cases 

Smgle charactensticB never suffice for the creation of natural groups (Pnngs- 
heim, 1923, p 364) and m most bactena morphological features are inadequate 
for the purpose If therefore one is not to be deceived by superficial resem- 
blances, affimties must be tested in eveiy possible way, physiological features 
bemg considered ade by ade with morphological ones, which should certainly 
mclude sporulation and flagellation Natural and readily recogmzable groups 
m this sense are, for instance the Eschenchia-Salmonella group, the Pseudo- 
monas-lfibno-Spmllum group, the Subtihs-Mycoides group, the Corynebac- 
tenum group, the Sphaerotilus group, and many more Features regarded as 
charactenstic of a whole group maj occaaonally have to be abandoned as a result 
of new observations, as happened when spore-fonnmg species of Sarcma and 
Vtbno were found These genera are, however, too well charactenzed by other 
features to be affected by an alteration m the diagnosis 

The difficulties of estabhshmg a system of classification that shall sene both 
the practical need of a clear groupmg and afford an expression of natural relation- 
ship, are due to (1) the small size of most bacterial cells as a result of which 
they do not show many differentiatmg features, (2) the multitude of similar 
forms, (3) the lack of sexual reproduction and of the morphological character- 
istics associated with it which are of prune taxonomic importance in many other 
groups, (4) the frequent neglect of numberless species m favor of those of prac- 
tical importance These difficulties mcrease with the discovery of more and 
more species, because bactenologists who specialize m certam groups do not have 
a sufficiently wide outlook, while those interested in the class as a whole often 
lack a detailed Icnowledge of its vanous groups 

The necessity for the mclusion of numerous forms, many of them more mtcrerf- 
ing for their enzymatic activity than for them natural relationship, has led to the 
estabhshment of systems of classification primarily on physiological character- 
istics which, although perhaps not unsuitable for the differentiation of species, 



1949] 


HEIATIONSHIP BETWEEN BACTERIA AND MYXOPHTCEAE 


53 


have to be used with caution Otherwise one obtains wholly unnatural groups, 
enibod 5 nng forms of widely differmg relationship, qmte a number of them could 
be cited 

For example the most modem classification of bactena, that of Stamer and 
van Niel (1941), which is by far the best, still retains a relationship of the M 5 W 0 - 
bactena and the Spurochaetae to the Eubactena The former two groups might, 
however, more naturally be regarded as hairmg an ongm qmte different from 
the latter, bemg possibly denved from common ancestors with the IMyxophyce- 
ae, and resembhng true Bactena only m shape and dimensions, a question which 
wiU be considered subsequently 

n RESEMBLANCES AND DIFFERENCES BETWEEN BACTERIA AND 

MYNOPHTCEAE 

1 Morphology The Mjocophyceae differ from Bactena m a greater struc- 
tural complexitj' and di\ ersity The Stagonematales possess a thaUus differen- 
tiated mto prostrate and erect sj’-stems of tnchomes, an elaborate orgamzation 
unknown m anj- member of Bactena even m the widest sense accepted In fact 
there are few morphological parallels between the two groups The filaments of 
Bactena are m general not comparable to those of the Xostocales, Streptococcus, 
it IS true, has some similanty to Pseudanabaena catenata, and Sphaerotilus to 
Lyngbya, but the resemblances are superficial (cf p 77) Beggiatoa wiU be dis- 
cussed below 

"While bactena, as a rule, do not form distmct colomes m nature, colonial 
Chroococcaceae are mutated to some degree by a few of them A parallelism is 
recognizable between the blue-green Mensmopedia, the cells of which divide along 
two planes and show a regular arrangement m a smgle tabular la 3 ’’er, and the 
purple sulphur bactenum Thiopedia, and Lampropedia among Eubactena, m 
which the same arrangement is found Eiicapsa among hlyxophj'ceae, which is 
characterized bj' dl^'lSlon along three planes, has its parallel m Sarcina among 
Bactena Chroococcus dindes m the same wa 3 ’’, although the cells cohere only 
as groups of four or eight withm mucilagmous envelopes, so that it has a certam 
smiilant 3 ’’ to Gonococcus, Meningococcus, and Micrococcus tetragenus 

Siimlant 3 ’ between Bactena and M 3 Woph 3 'ceae as regards their external mor- 
phology IS therefore very restncted and not reall 3 ' helpful m assessmg their rela- 
tions to one another The fact that only the least specialized M 3 woph 3 ceae, if 
lacking color and motiht 3 ', could possibl 3 '', as suggested (Benecke, 1912, p 244, 
Stamer and ran Xiel, 1941, p 449), be confused with Bactena, is not m favor of 
more than a ver 3 ’’ remote relationship 

Among M 3 woph 3 ’ceae even relativel 3 ’' simple cell rows, hke those of Oscillatona, 
are more highl 3 ’- organized than bacterial filaments The former possess differ- 
entiated terminal cells, often with a cal 3 ptra, zones of mtercalary diinsion, and 
defined propagator 3 ’- structures m the form of hormogonia The greater differ- 
entiation of M 3 'xoph 3 'ceae as compared with Bactena is also expressed m the 
existence of protoplasmic connections between adjacent cells (Stigonemataceae), 
m the formation of spores m defimte positions {Cyhndrospermum, Gloeotnchia), 
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m hormogomum formation bemg often mitiated by the death of certain cells 
(Scytonema), and m the false branchmg occasionally bemg related to the develop- 
ment of heterocysts (Tolypothnx) and m such instances bemg more regular than 
m Cladothnx among Bacteria 

Certam bacteria, for mstance Spfiaerotilus, Lvneola, and Caryophanon exhibit 
the first steps towards a differentiation between cells In the two last, instead 
of the periodic hormogone formation of Oscillatona, there is a progressive forma- 
tion of steadily deepenmg constnctions until that first formed and situated ap- 
proximately at equal distances from either end, divides the iihole tnchome mto 
two halves, withm which further constnctions have arisen repeatedly between 
those first formed No species of OsdUaiona seems to develop such constnctioiis 
which at an early stage define the place of fragmentation 
As repeatedly pomted out m the hterature, spore formation also differs m the 
two classes No Myxophycea produces endospores comparable to those of Bac- 
teria Where so-called endospores are formed, as m Denrwcapsa and many 
Pleurocapsales they are different m orgamzation from those of Bacteria, while 
the spores (akmetes) of Nostocales are entire transfonned cells, for which there is 
no parsillel m any bactenum 

S Pigmeniaiion The cells of most Bacteria do not contam assimilatoiy pig- 
ments, while those of Myxophyceae possess chlorophyll a, carotins, phycocyanm, 
and often phycoerythrm, although a few genera are colorless (cf p 61) Among 
Bacteria the Purple and Green Bactena contam, m addition to other pigments, 
green ones similar to chlorophyll (cf p 79), but (hffermg m the two groups The 
pigmentation does not afford any mdication of relationship between Bactena and 
Myxophyceae 

3 Cytology The myxophycean cell is differentiated mto two regions an 
inner, the central body or centroplasm, and a penpheral one, the chromoplasm, 
contammg chlorophyll and accessoiy pigments The presence of two regions 
IS not established beyond doubt m every case (Chodat, 1894, Geitler 1936, p 6, 
and own observations) The central part of the cell is charactenzed by an ac- 
cumulation of reserve substances and perhaps a certam degree of mdependence 
durmg division (Fntsch, 1945, p 780), while the chromoplasm appears to be 
different mainly by its pigmentation and is not sharply demarcated The centro- 
plasm also often contains rod-shaped structures, simulatmg the chromosomes 
of other organisms without exhibitmg the properties of true nuclems (cf Guilher- 
mond, 1926b) Granules givmg the Feulgen reaction have also been found 
(Poljansky and Petruschewsky, 1929, Fetter, 1933, Spearmg, 1937, Delaporte, 
1939, 1940) but their fate durmg cell division is not clear, and they seem less 
defined tlmTi the nucleoids of bactena (Bnbmow 1944, 1945, Kheneberger 1945, 


1947) ^ .. . 

The differentiation mto central and penpheral cytoplasm is wantmg in me 
pigment-free genera Beggmtoa (Delaporte, 1939, who gives the older hterature) 
and Thioihnx (Fourment, 1926) which otherwise have much m comiMn m 
certam Mvxophyceae This lack of correspondence must not be overesom 

SX-f3S^a897.,pp 119,<«g)«em.tJltobe™bd AceoriP^to 
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him, “the centroplasm is no more than the mam body of the protoplast sur- 
rounded by the chromoplasm m which are also stored the products of assmula- 
tion ” 

Changes m cell-structure, somewhat comparable to the differences m cell struc- 
ture between OsctUatona and Beggiaioa, are connected with apochlorosis m vari- 
ous algae The loss of pigments m Evglena and other flagellates, for instance, 
IS associated with the destruction of the chromatophores, and the chondnome 
sj’stem also imdergoes changes (Prmgsheim, 1949) It is therefore not sur- 
pnsmg that m apochlorotic Myxophyceae also the loss of pigments is connected 
with a reduction of the differences between the regions of the protoplast A 
similar reasomng can be apphed to the storage of reserve substances, which are 
deposited inside the chromatophore m Chlamydomonas but m the cytoplasm m 
the related chlorophyU-free Polytoma Differences m this respect are likely to 
occur even between closely related phytotrophic and heterotrophic organisms 

The process of cell division by diaphragm-hke mgrowths from the periphery 
towards the center is smular m both classes Durmg such division the daughter 
cells often remain jomed by connections, while secondary divisions are m prep- 
aration The paraUehsm m cell-division may mdicate a remote affinity but may 
equally well be merely superficial 

In the large purple sulphur bactenum Chromatium the cell structure 
(Dangeard, 1909, Guflhermond, 1932, Delaporte, 1940, p 42, cf , however, 
Fischer, 1897) resembles that of certam blue-green Algae inasmuch as the pig- 
ments are restncted to the outer cjdoplasm, while the inner region resembles the 
centroplasm of Myxophyceae Although the peculiar, almost homogeneous 
finely granulate appearance of the ceU constituents mcreases the srmilanty, 
Guilhermond’s view that Chromatium and its aUies should be grouped among the 
Myxophyceae, cannot be accepted (Fntsch, 1945, p 860), smce the presence of 
flagella m the former is too strong an argument agamst such a relation The 
penpheral location of the pigments m both cases may be due to the same physio- 
logical causes without a derivation from a common ancestry 

There are other differences m cell-structure between Bacteria and Myxo- 
phyceae The former have a true cell-wall (Fischer, 1895, 1897b, Benecke, 1912, 
p 90, Robmow, 1945), whde the cells of Myxophyceae seem to be bounded 
merely by a differentiated layer of the outer cytoplasm, apart from mucilage 
(Geitler, 1936, pp 25 ef seq , Fntsch, 1945, pp 778, 788) Bacteria undergo 
true plasmolysis m hypertomc solutions In the Mjwophyceae the whole ceU 
shnnks without the protoplasm bemg detached from the wall (Geitler, 1936, p 4) 
Vacuoles filled with ceU-sap, such as are found m higher plants and m many 
Algae and Fungi, are lackmg m healthy cells both of My’xophyceae and of Bac- 
tena The former are suspected of having a gel-hke protoplast although this 
requires substantiation (Fntsch, 1945, p 771) It remains doubtful whether 
there is a resemblance m this respect to the Bacteria 

4 Physiological characteristics Myxophyceae exhibit such vaned habits and 
occur m habitats of such different kmds that no general conclusions regardmg 
then ecological adaptations are possible Species of blue-green Algae are found 
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wherever hvmg organisms can exist, occurring m marme and freshwater localities, 
m water nch m orgamc substances or containing extremely low concentrations 
of even mdispensable morgamc salts Many are terrestnal and some of them 
are among the first organisms to colonize barren rock and sand, some can stand 
high concentrations of bnne, acids, hydrogen sulphide, or carbon dioxide In 
short, Myxophyceae can adjust themselves to all kmds of extremes, even to the 
lowest and highest temperatures any organism can endure Such adaptations 
are, however, found only m certam species or groups of species Little is known 
of the capacity of the majority of Myxophyceae to accommodate themselves to 
their environment, nor what role competition may play m the predominance of 
certam forms m special habitats 

In this connection motihty, dealt with m the next section, and restmg stages 
are no doubt important Among the latter the spores (akmetes) of Nostocaceae 
(Nostoc, Anabaena, Cyhndrospermum) are noteworthy They withstand drying 
and can germinate after long periods of inactivity They can also survive heat- 
mg ahnoat to bodmg pomt and coolmg to — 60 C In all these respects their 
power of resistance contrasts with that of the vegetative ceUs of the same species 
which are even more susceptible than those of non-sporulating Myxophyceae 
(Glade, 1914) 

Many Myxophyceae remain ahve without multiphcation for long penods of 
nutntional deficiency despite the absence of morphologically discermble adapta- 
tions This was observed m cultures of Synechococcus parvus n sp , Menmo- 
pedia glauca, OsciUaiona formosa, Pseudanabama catenata, and Phormidium 
faveolarum When the medium becomes mtrogen deficient the cells bleach out 
by reduction of the chlorophyll content (Magnus and Schindler, 1912, Prings- 
heim, 1913, Boresch, 1913) but on addition of mtrate recover their ongmal hue 
even after many months Such famtly colored tnchomes are often found in 
nature, and there is every reason to assume that the phenomenon is the same 
Although such growths may have long ceased to multiply they can still be used 
to start cultures, mdicatmg that Mj^ophyceae are able to survive unfavorable 
conditionB in this way There is also evidence that numerous species can with- 
stand desiccation m the vegetative state 

A companson with Bactena with reject to these properties is difficult Ex- 
cept m really barren habitats Bactena are also found eveiywhere, but httle is 
known about those species which do not occur in dense populations and fail to 
multiply m routine bacteriological media Certam Bactena are adapted to all 
the extremes mentioned above for Myxophyceae Some (e g , Sarcina) are able 
to resist drying, others survive in an active state without much change or visible 
adaptation if the conditions of multiphcation, e g , m water devoid of nutnmt 
substances, are lacking Bactena can also produce spores, though these are of a 
different morphological nature (cf p 54), they are stdl more resistant than those 
of Nostocaceae Spores are produced both by aerobic and anaerobic Bactena 
Some of the mtrogen-fbang species sporulate, without anv obxuous relation o 


ecological conditions 

In popular descnptions and m 


textbooks emphasis is generally laid on the un- 
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pressive chemical activity of Bacteria in relation to disease or the decompositon 
and fermentation of orgamc substances Nothing of the kmd occurs among 
M 3 'Noph 5 ’'ceae In this respect the former approach more nearl}’- to the Fimgi, 
while Mj’xophj’-ceae resemble the Algae, m correspondence with the possession of 
assimilatorj’- pigments The anaerobic fermentation, which is supposed to lead 
to the production of gas vacuoles m certam Mj’Nophjmeae (Canabaeus, 1928, 
p 25, foUowmg a suggestion of Kolkwitz) has still to be proved experimentally 
Ei’'en if colorless INIj’xophj'-ceae (cf p 61) are mcluded so that photosynthesis 
does not come mto consideration, there is still a great divergence between the 
two classes m fermentative actintj' 

ActuaUj’- onlj’' a relativelj'' small number of Bacteria are conspicuous bj’’ their 
parasitism or the performance of large-scale chemical transformations, but it is 
]ust this minonty which has pronded the material for most bactenological m- 
vestigations The great achievements thus attamed must not distract attention 
from the fact that a large proportion, possibly the great majority of Bacteria, 
are verj’- economical m their nutntional requirements and thus escape the atten- 
tion of the bactenologist 

Among Myxophyceae there are, on the other hand, a considerable number that 
hve m an emuronment providmg a nch suppl}’’ of orgamc substances Such 
forms are found m the mud of polluted waters, both marme and freshwater, on 
dead animals, feces, seaweeds, rottmg wood, withm the tissues of flowenng plants 
(Gtmnera, Cycas), or associated with other crjqitogams (AzoUa, Blasia, Lichens) 
Little is known of the biochemical, especially enzymatic, properties of these spe- 
ciahzed forms, but there is some evidepce that pigmented Mjxophyceae, m- 
habitmg spaces withm the tissues of other plants, are able to multiplj’- m the 
dark, if provided with sugar and orgamc mtrogen compounds (Pnngsheun, 1917 
Harder, 1917) , certam free hvmg species have been treated m a similar way with- 
out positive results (Prmgsheim, 1913, and impubhshed experiments) More 
species of Myutophyceae will probably be found to benefit from orgamc com- 
pounds m the substrate, although the mere presence of such substances should 
never be regarded as mdicatmg that the organisms present are adapted to a 
heterotrophic or mixotrophic mode of nutntion, as has repeatedly been done 
(Prmgsheim, 1913) 

Fixation of elementary mtrogen has been estabhshed m lanous, otherwise 
unrelated microorganisms Among Bacteria it takes place m Azotobacier, Clos- 
tridium, and Rhizohium, and m other endobiotic species. The fact that mtrogen 
fixation shows no relation to sy^ematic position suggests that it maj stiU be 
found in other orgamsms, perhaps m a less efficient form This is also true of 
mtrogen fixation among hlyxophyceae (Beijennck, 1901) vhich so far has been 
estabhshed onlj- m species of Nostocaceae (for references, see Fogg, 1942, Fntsch, 
1945, pp 871/72) This need not be a mere comcidence, but, owmg to the diffi- 
cultv of obtainmg bactena-free cultures, few Alyxophyceae haie so far been 
isolated m pure culture, and most of these have been lost The penadmg 
mucilage is generallj^ inhabited bj bacteria and much patience is necessary' to 
elmunate these epiphjdes (Prmgsheim, 1946a, p 94) 



58 


E G PHINGSHEIM 


[vOL 13 


One special method of nutntion has long been regarded as the pecuhar property 
of Bactena, viz , chemo-autotrophy, or the utihzation of cheimcal energy denved 
from the oxidation of morganic compounds Bactena, which oxidize ammonia, 
mtnte, hydrogen, sulphur, hydrogen sulphide and other compounds of sulphur' 
are known to reduce carbon dioxide and to convert the organic substances thus 
synthesized into body-building material Beggiatoa,, the first organism recog- 
nized as hvmg chemo-autotrophically (Winogradsky, 1887), is not, however, a 
‘sulphur bactenum’, but a colorless member of Mjocophyceae (cf p 63) This 
and the related genus Thioihnx have been shown to be autotrophic also in pure 
culture (Kfiil, 1912) The former, like many autotrophic bactena, is also able 
to hve on orgamc substances (Cataldi, 1940, and my own observations) 

To sum up, there is no unbndgeable gap between Bactena and Myxophyceae 
m physiological respects, but these classes have no feature m common which is 
not also found m other organisms Of the two, certam Bactena alone appear to 
have acquired an mtensive biochemical activity and thus to consume an amount 
of material not required by orgamsms that hve more economically 
5 Movement Lower organisms exhibit two kmds of locomotion, swimming, 
and creepmg or ghdmg The mechanisms of both are still hypothetical Swim- 
mmg permits free movements through the water, while ghdmg requires a sohd 
body or at least the surface film of the water as a substratum The two modes 
of locomotion are mutually exclusive so that very few organisms (i e , certam 
Flagellata, cf p 88) exhibit both, either Bunultaneously or at different stages of 
their life cycle 

So far as they possess active movement at all, Bactena swim and Myxophyceae 
ghde The locomotion of Bactena is brought about by flagella, as has been 
known smce these organs were discovered m Sptnttum volutans The reasons 
for regardmg the movements of Bactena as caused by flagella were, for instance, 
discussed by Migula (1900, 1, p 110), and have never been challenged smce 
Pijper (1940, 1946, 19470, however, has attempted to substitute for the con- 
cept of flagellar locomotion m Bactena an undulating movement of the flexible 
body, the ‘so-called flagella' being regarded as tradmg strands of mucilage In 
order to reduce the danger of confusion Pijper's views must be discussed here. 
Views analogous to his are to he found m the older hterature NSgeli (1849) 
beheved that the flagella of algal swanners were without significance for their 
movement Van Tieghem (1879) tned to explam the movements of bactena 
as bemg due to protoplasmic contractions, the flagella bemg superfluous ap- 
pendages, an opmion which Huppe and de Bary were mchned to accept 
In larger cells, like flagellates and the zoospores of algae, the flagella have 
long been recognized as organs of locomotion Those of bactena, already de- 
tected with the help of photographs by Koch (1877), were established as regu- 
larly present m motile forms by LSffler’s (1889) method which was more 
tensively apphed by Fischer (1895) These discoveries put an end to doubts 
as to the means of movement m bactena 
In view of much evidence Pijper’s contradictory theoiy is not con^cmg 
There os no reason why the mechanism of swimmmg m bactena should difier 
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fundamentally from that of other flagellate cells Then flageUa are not strands 
of mucflage, but well-defined cell organs with specific antigemc properties 
They can be seen as distmct threads not only m preparations stamed m various 
ways and m electron micrographs, but also m the hvmg orgamsm In large 
bacteria, such as Spirillum voluians and Chromatium okenii their active beatmg 
can be demonstrated IVith the help of darkground illumination beU-shaped 
rotation figures can be observed and then reversal watched when the cells change 
the dnection of then movement Vanous species possess a d efini te, number of 
flagella, with a charactenstic arrangement and of a d efini te length After divi- 
sion the newly formed ends of the daughter rods bear shorter flagella Flagella 
are present only m motile species but are found m all of them and are confined 
to the motile stages If they merely represented mucilage strands it should be 
possible to find motile bactena devoid of such structures 

Pijper also fails to prove that bactena possess a mechanism which could re- 
place flagellar action Bis own photographs (1946, pi XLVH, fig 20) show 
that, contrary to his statements, bacterial cells do not change then- shape durmg 
movement The shght curvatures seen m the photographs r ema in remarkably 
constant and reappear m the same shape after every rotation The undulation 
of the body which is supposed to dnve the bacterial ceU through the water, does 
not exist hlany problems connected with flagellar movement remam unsolved, 
but there is httle promise m Pijper’s approach 

The evolution of flagella is entirely obscure Smce ‘amoebae’ are no longer 
regarded as mere lumps of protoplasm nor as the most primitive organisms, 
there are no grounds for mterpretmg flagella as modified pseudopodia There 
are, moreover, organisms m which ameboid and flagellated organization exist 
side by side without apparent morphological relation between pseudopodia and 
flagella Lake those of flagellates, the flagella of bactena are cytoplasmic or- 
gans connected through holes of the cell-wall with the surface of the protoplast 
(van Iterson, 1947, fig 11, Kmgma-Boltjes, 1948, p 279) 

No true bacterial organism (i e , excludmg colorless Mjwophyceae and Myxo- 
bactena) exhibits ghdmg movement Wmogradsky (1888) and Cholodny (1926, 
pp 7, 10, 14) claim that the filaments of Leptothnx creep out of the old sheaths 
and form new ones, but this ghdmg movement is only a matter of conjecture 
Special mvestigations directed to that end failed to provide confirmation of such 
movements either m hqmd media or on agar (Prmgsheim 1949a, p 461) On 
the other hand such bactena, as Proteus vulgaris and BacUlus sphaencus, which 
move over the surface of agar plates, appear to use flagella as the means of 
locomotion 

Ghdmg movement is charactenstic of Myxophyceae, and no flagellate stages 
have ever been observed The movements of Oscillaiona and Beggiatoa are 
generally fa milia r, although not completely elucidated (Fntsch, 1945, pp 800- 
804), but the extent and frequenc 3 ’’ of locomotion among IMyxophyceae are 
greater than often realized 

Stamer and van Niel (1941, p 449), after enumeratmg the characteristics 
common to true Bactena and Blue-green Algae, say “One major difference, how- 
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ever, is the complete absence of flagellar motihty in the Myxophjia, whose 
representatives are either immotile or exhibit creepmg motihty It is* among 
the Chroococcales, the most primitive assemblage of the Myxophyta, that we 
find forms closely resemblmg the Eubactenales A Chroococcus sp , for example, 
would be mdistmgmshable from a Mtcrococcm sp if it were to lose its phot(> 
synthetic pigments ” The general argument m this paragraph is sound It 
was already hinted at by Benecke (1912, pp 31/32) and is repeated, for example, 
by Dubos (1945, p 1 1) , although he does not mention its ongin The conclusion, 
though, that such primitive Myxophyceae have perhaps developed from Eu- 
bactena (cf p 49) could with greater probabihty be reversed 

It does not seem, however, that the Chroococcaceae are generallj immotile 
Stamer and van Niel (1941, p 452) mention Jahn’s (1924, p 102) claim to have 
found creepmg motihty m (umdentified) umcellular Blue-green Algae, although 
they state that this requires substantiation A number of other instances of 
movement m Chroococcaceae have become known Fntsch (1945, p 800) 
beheves it to be not uncommon Geitler (1925, p 110, 1936, p 57) character- 
izes the movement of Synechococcus as slow and irregular, m the smaller species, 
which are more bactena-hke in appearance, it is said to be barely distmguish- 
able from Browman movement It is not altogether certam whether Synecho- 
coccus elongaius Naeg with rod-shaped, narrow cells (cf Geitler, 1936, p 20, 
fig 11, a-c) differs from Pelogloea Lauterb , and whether the two species of the 
latter (Lauterbom, 1915), supposed to be Green Bactena (cf p 80), are not 
mere modifications 

In order to obtam young vigorous cells these small forms were grown m soil- 
water cultures (Prmgsheim, 1946b) Slow, swinging movements were observed 
m Synechococcus elongatvs Naeg , Chroococciis turgidus (Kiitz ) Naeg var nigri- 
cans n var , Chroococcus sdbulosns (Menegh ) Hansg , and Aphanocapsa nimlans 
(Cam ) Kabenh , their rapidity dependmg to a large extent on the condition of 
the cells When multiphcation ceases the movements slow down considerably 
and may cease to be observable 

It remains doubtful if there are completely immotile Myxophyceae Ghding 
stages seem to occur widely in multicellular genera, where they play a role 
somewhat parallel to that of swarmers of other algae Unicellular propagation 
stages were called planococci by Borza (1914), who observed their slow irregular 
movements, m a number of hormogonales In a sunilar way umcellular stages 
of Rhodophyceae exhibit ghdmg movements, for instance Porphyndium cruentum 
(Vischer, 1935, Pnngsheun, 1949a) and spores and qiermBtia of other species 
(Fntsch, 1945, pp 429, 433, 597, etc ) 

Of colomal Myxophyceae, Mensmopedta (Nikhtschek, 1934, p 212) and Holo- 
pedia (Lund, 1942) are known to show active movement The entire, tabular 
or fohose, colonies, when buned m mud, creep slowly out of it or move towards 
a better illuminated region This can be inferred from observations m cultures, 
when then position is altered by turmng the tubes through an angle the 
move towards bnghter regions Holopedta readily dissolves mto pairs of sbghtly 
curved rod-shaped cells which move still more qmckly, so that their transloca- 
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tion can easily be obsen^ed The movement is an mterrupted one, with a tend- 
encj' for attachment by one end, while the other swmgs round, i e , similar to that 
descnbed bj’’ Geitler (1925, p 110, 1935, p 57) It is charactenstic that the 
movement appears to be undirected over short distances Whether there is 
reall}’- onlj’' dissipabon or perhaps also phototaxis, as m Porphyndium, remams 
to be decided 

The same kmd of ghdmg movement was observed m' pairs of spherical cells 
belongmg to Aphanocapsa, as well as m Tetrachlons zncon^tans Pascher (Geitler 
and Pascher, 1925, p 456), the nearest approach to a ‘green bacterium’ which 
I could examme The cells of this mmute form, 1 2 to 1 5 m m diameter and 
arranged m diplococcus-hke pairs, have a famt greemsh tmge while larger groups 
appear bluish-green Their shape and behanor resembles that of Aphanocapsa, 
but the movement of Tetrachlons is more hvely 

Other hlyxophyceae also exhibit phenomena which can scarcely be explamed 
without assuimng active locomotion How can the social habit of epiphytic 
genera like Dermocarpa, Clasindtum, and Chamaesiphon,^ the branched colomes 
of the last and the net-shaped aggregates of Pelodictyon be understood without 
the assumpbon of motihty? In Chamaeszphon incnisian^ (?) growmg epiphyb- 
caUy on Rhizoclomum hieroglyphtcim, the characteristic m 3 w;ophycean move- 
ment could actually be observed, m detached vegetabve cells as weU as m the 
spores 

Ghdmg movements thus occur, not only m the Oscillatonaceae and m the 
hormogoma of all the Hormogonales, but also m manj' Chroococcaceae, m 
Chamaesiphonales and Cyanochlondinae Although Geitler (1936, p 57) is of 
the opmion that the movement of umcellular stages is different m its nature from 
that of filamentous ones, there is m view of the existence of umceUular and mulb- 
cellular hormogoma some possibihty of its bemg essentially the same There is 
thus httle probabihtj’’ that colorless Myxoph 3 ’’ceae would be mdistmguishable 
from Bactena, although a few debatable cases ma 3 ’’ stiU perhaps be found 
Colorless Bactena, parallel to the Chroococcaceae, hke Micrococcus, Sarcina, 
etc are different by their gram-positinty, and the gram-negabve bactena 
Gonococcus and Meningococcus are also not hkely to be apochlorotic members of 
M 3 'xophyceae, while true colorless members of the latter have been discovered 
and recogmzed as such b 3 ’- their ghdmg movements (see foUowmg chapter) 

m COLORLESS MTXOPHTCEAE 

1 Chamaesiphonaceae and Oscillatonaceae The few colorless M 3 Woph 3 ’ceae 
so far known belong to aU three of the mam senes, mto which Geitler (1925) di- 
vides the class Chroococceae, Chamaesiphoneae and Hormogoneae, or to three 
of Fntsch’s five orders, viz the Chroococcales, Chamaesiphonales and Nosto- 
cales The colorless Chroococcales wiU be descnbed m section (4) below It 
is as 3 et not possible stnctty to follow the classificabon of ]\l 3 ’xophyceae when 
deahng with colorless forms 

* AnJ istrodcsmus and Ecballocystts, it is true, maj hare a similar habit 
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A pigment-free Chamaesiphon, descnbed by Scherffel (1907, cf also Geitler, 
1925, p 151) IS somewhat dubious Accordmg to Geitler (1925, p 148, 1932' 
p 428) ScherfFel's C hyaltnum, 'winch may not be a blue-green alga at all’, 
IS famtly colored like C macer, the bimsh-green tinge of which is only recogniz- 
able m dense aggregates Such veiy famtly pigmented qiecies are not uncom- 
mon among Myxophyceae Bavendamm (1924, p 45) mentions another “color- 
less Cfiamaesvphon” without givmg any description of it 

Among OsciUatonaceae there are several forms with so httle pigment that 
mdividual filaments may appear to be colorless The TniTnTniim amount of 
chlorophyll sufficient to support adequate photosynthesis is not known, so that 
it IS not justifiable to conclude that such forms are heterotrophic or mixotrophic 
Moreover, Myxophyceae tend to bleach when the medium becomes deficient 
(Magnus and Schmdier, 1912, Pnngsheim, 1913, Boresch, 1913) Psendan- 
dbaena catenata Lauterb and OsciUaiona formosa Bory, for instance, look al- 
most colorless m old exhausted cultures, although the tnchomes are still motile 
They soon recover their blue-green tmt and multiply agam when nutrient salts 
are added Lauterbom (1915, p 435) and Geitler (1925, p 38, 1936, p 8) 
record pale yellowish Myxophyceae which inhabit mud nch m hydrogen sul- 
fide and which they regard as constituting a special ecological group Pseudan- 
abaena calenata and OsciUatona formosa are supposed to belong to this group 
(Lauterbom, 1 c , p 437, Geitler, 1925, p 372) As they are blue-green when 
m a healthy state, it is possible that the others would also turn blue when sup- 
phed with proper nutnents 

Species with a very pale bluish color are Lyngbya endophyttca Elenkm and 
HoUerbach (Geitler, 1925, p 402) mhabitmg algal mucilage, and OsaUatma 
decolorata West, stated to lead a saprophytic existence m stagnant ditches (Bhkr- 
adw&ja, 1940, p 204) 0 ieggiatoiformis (Grim ) Gom is not colorless like 

Beggiaioa, but famtly blue-green 0 angusta Koppe (1924), agam from oxygen- 
free mud (gyttja) is descnbed as really colorless, but Geitler (1925, p 365) 
questions the absence of pigments Almost colorless is also 0 profunda Erchner 
from the bottom of a deep lake, and likewise 0 koprophila Skuja (1948, p 46) 
from a similar habitat 0 beggtaioides Arzichowsky (1902, cf also Kolkwitz, 
1909, p 153), which is descnbed as colorless, and stores sulfur, is supposed to be 
a hrik between Beggiatoa and OsciUatona How it differs from Beggiatoa could 
not be ascertamed as the paper was not accessible (cf Bavendamm, 1924, 
p 104) 

In none of the instances of almost pigment-free ^ecies of OsciUatona is the 
issue qmte clear, owmg to the lack of culture experiments There is, however, 
no doubt as to the existence of chlorophyll-free Myxophyceae Beggiatoa, 
when it hves saprophytically, is barely distmguishable from an apochlorobc 
OsciUatona (cf section 8, below), while Spirulina aUnda Kolkwitz (1909, p ISvj, 
which, like other Spmihnas, differs only m its spirally shaped body, is 
chlorophyll-free and saprotrophic Geitler (1925, p 346) at fir^ regaled 
S aUnda as a veiy dubious form, but findmg it later (1932, p 927) on slides 
exposed m a stream, accepted it as a true heterotrophic member of Myxophyceae 
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(so also 1942, p 34) The tnchomes were colorless and showed not the shghtest 
tmt even when massed In a recent letter he agam expresses doubts regarding 
its taxononuc position Apochlorotic Mj^ophyceae are not given much pronu- 
nence m Geitler’s books, and he tends to deny their existence 

Spindina albida is not rare m England, occumng m the surface film of waters 
where the bottom is covered with black mud It was twice cultured as a umalgal 
stram for nearlj' a year m a mixture of soil with a httle orgamc matter but, 
although it was often subcultured, I was not successful m growmg it free from 
bactena This was achieved by Dyar (1947) who found that on agar with sterile 
blood it multiphes and ghdes over the surface, freemg itself from contaminatmg 
organisms so that pure cultures were obtamed Dyar calls the orgamsm 
Spirochaela phcatilts Ehrbg , but her descnption and figures show clearly that it 
IS Spiruhna albida, and by her courtesj’^ I was able to estabhsh its complete 
identity with the matenal studied earher 

The relation of Spiruhna to Spirochaela, which has repeatedly been discussed 
will be dealt with later (cf p 82) Here it suffices to mention that Spiruhna 
albida is 0 8 to 1 2 m wide, successive coils bemg 3 to 6 apart, and 2 p wide, 
while Spirochaela phcahhs is about 0 3 ^ wide, the cods bemg close together and 
about 1 p wide Spirochaela phcahhs is umcellular, while Spiruhna albida, 
hke other Oscillatonaceae, consists of a number of cells, mto which it dis- 
mtegrates when mjured 

The kmd of movement is also different Spiruhna albida, hke other members 
of its genus, has a certam degree of ngidity, although it bends slowly and shghtly 
to and fro when entangled between detntus, as is often the case m its natural 
habitat When mounted on a shde it commences after some time to ghde m an 
almost straight hne over the glass surface, meanwhile rotatmg on its axis 
Spirochaela phcaiihs also rotates durmg movement, but does not keep a straight 
hne, tummg m various directions without apparent cause (cf also p 83) 

2 Beggialoaceae When Bhdradwdja (1940, p 204), m his review of the 
relations between Myxophyceae and thread-bactena, states that ‘heterotrophic 
colorless forms m the blue-green algae are not known to occur with certamty’, 
he does not take the Beggiatoaceae mto consideration because he beheves their 
ceU structure to be fundamentally different from that of the Oscillatonaceae 
G c , p 205) This opimon cannot be accepted (cf p 54) 

The presence of sulphur droplets m the cells of Beggialoa and Winogradsky’s 
'(1887) demonstration, more precisely confirmed by Ked (1912), that Beggialoa 
can hve without orgamc substances, have produced such an impression on 
biologists that the ‘sulphur bacteria’ were regarded as faUmg outside the range 
of other colorless organisms This group was henceforth grouped together with 
others likewise oxidizmg hydrogen sulfide and stormg the sulfur inside their cells, 
hke Thiolhnx, Thioploca, many purple bactena and certam colorless umcellular 
orgamsms {Achromatium, Thiospinllum, Thiovulum, etc as Thiobactenales 
(Bergey, 1926, p 402)) The latter are, however, a conglomeration of taxonomi- 
cally unrelated forms, and the discovery of sulfur also m pigmented Myxophyceae 
(Hinze, 1903b, Nakamura, 1937) shows that the sulfur organisms are a biochemi- 
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cal group like the iron organisms (Prmgshem, 1946b) and not a taxonomical 
umt 

Beggiatoa was in fact long ago recogmzed as a pigment-free relative of Oscil- 
laiona Vaucher descnbed it under the name Oscillatona alba as long ago as 
1803 Cohn (1871/72, p 186) included Beggiatoa and Leptothnx (syn Tbtothnx) 
as colorless subgenera of OsciUatorta Van Tieghem (1880) states that certain 
OsciUatonaceae (e g , Beggiatoa and Thxoihnx) lack chlorophyll The name 
'Sulphur Bacteria’ (Winogradsky 1887, 1888) created confusion, although Solms- 
Laubach (1901) cnticizes Wettstem for including Beggiatoa among the bacteria 
m opposition to the view then generally accepted 

It IS, however necessary to consider whether the striking sumlanty is merely 
superficial and the result of convergent evolution, or whether a true relationship 
can be proved by other resemblances 

The httle there is of diSerentiation m OsciUaiona is evident also m Beggiatoa 
It 18 provided by the biconcave cells and the different end-cells of the filments 
Only the calyptra covermg the tip m many species of the former genus is lacking 
m the latter Accordmg to Geitler (1925, p 338), ‘The OsciUatonaceae are 
probably not as httle specialized as they seem Their orgamzation is compli- 
cated by segmentation, rhythmical growth and spiral symmetiy of the cells ’ 
The tnchomes are shghtly constncted at mtervals, and the segments thus 
defined are of the same length as actively movmg hormogoma Each segment 
probably contains the descendants of a smgle ceU (Geitler, 1932, p 907, and own 
observations, cf also Caryophanon p 74 for companson) 

As observed m several species when actively growmg, ceU-division is not evenly 
distnbuted over the length of an OsciUatona-tnchome Regions with short, 
evidently young, dividmg cells alternate with others m which the cells enlarge 
but do not divide The maximum length of the cells is reached only after several 
divisions, mostly the third (Geitler, 1932, p 231) Owmg to these morphological 
complexities and the great vanety of forms Geitler (1925, p 349) apparently 
beheves that OsaUatona is a relatively young and highly denved genus (although 
on page 36 of the same book he ascnbes a great age to it), while 'the Beggiatoaceae 
by then- simple cell-organization and them autotrophic nutntion belong to the 
most primitive plants’ (Geitler, 1934, p 191) 

ActuaUy it seems that the tnchome orgamzation is the same m Beggiatoa as m 
Oscillatona Accordmg to Hmze (1901, p 373) ‘CeU-division is markedly mter- 
calary m Beggiatoa mirabilis, m a relatively long filament, for instance, 
nearly a quarter of the ceUs are dividmg almost sunultaneously Usually several 
adjacent cells, sometimes two, oftener three, divide at the same or nearly at the 
same time, dunng this penod neighboring cells elongate and divide soon after- 
ward ’ The analog}’' is perfect and, as my own observations show, the smaller 
qiecies of Beggiatoa behave m the same way as B mirabiba There is also m 
Beggiatoa a wide range of closely related forms, differing essentiaUy only in their 
dimensions so that this genus might likewise be regarded as bemg m fuU evolution- 
ary development, while the faculty of hvmg chemo-autotrophicaUy has nothing 
to do with pnmitivity 
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The movements ha\ e been studied m both genera by competent mvestigators 
without producmg a better explanation of their mechamsm than has been ob- 
tamed for other ghdmg orgamsms The name Oscillaiona refers to the oscdlatmg 
movements of the terminal part of the filaments The oscillatmg appearance 
under the microscope is due to the optical projection of a comcal circulation 
comphcated by the fnction between shde and shp which forces the tip to de- 
scnbe a narrow eUipse mstead of a circle It is the same m Beggiatoa 

Oscillaiona exhibits translocatorj’’ movements onl}’’ when some part of the 
tnchome is m contact with a sohd body or the air-water surface Forward 
movement is generally accompamed by rotation, and there is a certam relation 
between the two (Correns, 1897, p 141), although some change of place can 
occur without rotation which seems to be lacking m certam species (Hansgug, 
1883) and m hormogoma (Harder, 1918) I have observed a famtly blue 
Oscillatoria and a narrow Beggiatoa moving to and fro without alteration of the 
shght, irregular undulation of the filaments and without rotation The dehcate 
mucilage sheath (Nikhtschek, 1934) becomes visible m matenal mounted m 
fine suspensions (Correns, 1897, p 146) and on agar, where it can be stamed with 
saframne (Pnngsheim, 1913, p 67) The surroundmg mucilage supposed to be 
lackmg m Beggiatoa has been detected by Keil (1912, p 362), and this removes 
the last morphological difference In all these respects there is therefore com- 
plete agreement between OscxRatona and Beggiatoa (cf KoUcwitz, 1897, p 
463/64, and also own observations) 

The tnchomes both of Oscillatoria and Beggiatoa possess a certam degree of 
elasticit}’- and straighten after havmg been bent On the other hand they are 
also phable, cucumventmg obstacles with which they come m contact durmg 
forward ghdmg There is no spontaneous flexibiht}', bendmg resultmg from 
resistance and disappearmg with it (Kolkwitz, 1897, p 461) 

Small particles adhermg to the filaments of Oscillatoria travel along the surface, 
at some places m one and at other places m the opposite direction Thej’’ thus 
form dense accumulations at certam pomts on the filaments These accumu- 
lations are not static but change their positions The direction of movement of 
the particles may reverse m any part of the filament (Correns, 1897, p 144) 
The same can be said of Beggiatoa (Keil, 1912, and own observations) The 
phenomenon just discussed is no doubt m some way related to the stiU unsolved 
problem of the mechanism of movement 

In Oscillaiona rh^dhrmc waves of contraction are commonly accepted as the 
chief cause of locomotion, as first suggested by Engelmann (1879, p 55) and 
more clearly by Schmid (1923, p 383) For Beggiatoa a similar view has been 
propounded by Benecke (1912, p 150), and Ullnch (1926, 1929) demonstrated 
the existence of such waves m B mirabilis Other hypotheses that have been 
brought forward (cf Fntsch, 1945, p 802) are not verj'- helpful Even the con- 
tractile wave theory does not satisfactonlj’’ explam all the phenomena Pen- 
odic contractions cannot well be the cause of the ghdmg movements of umceUular 
Myvophyceae (cf p 61), nor of those of few-ceUed or one-celled hormogoma, 
which Geitler (1935, p 57) beheves to be of a different nature Contractile 
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waves have not at present been demonstrated in hormogotua at all (Fntsch, 
1945, p 803) Nor does the theory explam the role of nmcilage-secretion which 
seems to be closely related to some still unknown mechanism concerned m the 
ghdmg of these orgamsms Such a connection is suggested by the same phe- 
nomenon occurrmg m other ghdmg organisms Myxobactena (Jahn, 1924, p 
33), Porphyndium (Vischer, 1935, pp 79/80), Vtireosalla (of p 71), as well as 
diatoms and amebas (eg, Naeglena Oruben, own observations) leave sunilar 
muchlage-tracks behmd them, when movmg over an agar surface The im- 
portance of such residua and the contact with the substratum obtains support 
through observations that the direction of movement of ghdmg organisms is 
influenced by shght tensions m the agar (Stamer, 1942b, 1947b), as well as by 
their own previous mucilage-exudations 

It remains to compare the method of reproduction In Beggiaioa and m 
numerous species of Oicdhiona the tnchomes can grow to great lengths Under 
unknown circumstances they break up mto shorter umts, called hormogonia, 
which exhibit hvely movements and, by cell division and extension, agam form 
long filaments Their length is not related to the commencement of hor- 
mogomum formation An improvement m nutritive conditions, after an mter- 
ruption m development caused by a deficiency, seems to mduce the onset of the 
reproduction phase 

Hormogonia are produced by active changes m the tnchomes and develop 
specially shaped end-cells which artificially formed fragments are unable to 
produce The m]ury resultmg from mechamcal fragmentation is often fatal, 
and short pieces of tnchomes cannot be used for starting cultures Even long 
filaments do not generally survive local lesions (Omehanski, 1904, p 228, 
Cataldi, 1941) This mdicates an mtimate mterrelation between the cells, such 
as IS lackmg m most other filamentous algae The thread of an OsciHaiona or 
other similar member of Nostocales can be mterpreted as an imperfectly septate 
denvative of a umcellular mdividual (Fntsch, 1942, p 141, cf also Crow, 1922, 
p 85) The regions of dividmg and enlargmg cells, which can be distmguished 
m the tnchomes, seem to be denved from one onginal cell These are also the 
filamentous umts which are transformed mto hormogonia 

Beggiatoa agam behaves like Osciltatona The filaments divide mto portions 
which have the value of hormogoma and move actively (I'iTnogradsky, 1888, 


Benecke, 1912, p 205) 

The great variation m width of the threads of Beggiatoa (Winogradsky, 1888, 
Bias, 1937) is remarkable Wmogradsky (1 c , p 610) mamtams that the species, 
which differ only m the diameter of the cells, are perfectly constant, but there 
18 considerable vanabihty m clone cultures The defimtion of species m Beggiatoa 
IS therefore still dubious (Bavendamm, 1924, p 106) The situation is similsr in 
certam species of OsciUatona In 0 pnnceps, for instance, the variation m 
dimensions is far greater than one would expect m a well-defined specira 

WTule there is thus stnkmg resemblance between Beggiatoa and certm 
OsciUatonas, except m pigmentation and sulfur content, some 
great stress on differences m the structure of the protoplast (cf p 54) Ui-cne 
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(1S97) and GuiUiermond (1926a) failed to find in Beggiatoa the differentiation 
into outer and inner protoplasm seen m many pigmented hlyxophyceae, m spite 
of the emplojTnent of vanous staimng methods Guilhermond, who regards 
the central body as a primitive nucleus, saj's m regard to Beggiatoa G c , p 581) 
‘on ne retrouve done nen analogue h un noj^au, m au corps central des Cyano- 
phycles ’ Although an analogous conclusion of Butschh’s (1896, 1902) had. 
alreadj’^ been disproved by Fischer (1897, p 8), Guilhermond G c , p 580) 
decides that the cytological structure of Beggiatoa, despite its general sumlanty 
to Oscillatona, shows that it belongs to the Bactena hligula (1900, p 40) 
states that ‘Beggiatoa follows Oscillatona closely, even in its mtemal structure 
(existence of central body), so that the two genera can scarcely be separated’, 
without givmg the authonty for his statement GuiUiermond’s results have been, 
confirmed by Fetter (1933) and Delaporte (1939, p 764), and Fntsch (1945, p. 
860) summanzes the position m the words, ‘The facts above detailed suggest 
the possibihty that these types belong to a plurahty of evolutionary hnes diverg- 
mg from a remote ancestry, from which the Myxophyceae also arose ’ 

In my opimon the loss of pigments may have been accompamed by a loss of 
differentiation withm the cytoplasm (cf p 54), so that such a difference between 
Beggiatoa and Oscillatona is not irreconcilable with their affini ty Skuja (1948 
p 46, cf p 62) has, however, observed a colorless species, referred by him to the 
latter genus, m which the central body is recognizable 

Thioploca IS similar to Beggiatoa, except that the filaments are aggregated to 
form bundles enclosed within a common sheath The analogy to Hydrocoleus 
and Microcoleus among pigmented Myxophyceae is obvious The hormogoma 
of Thioploca enlarge mto tnchomes withm the sheath without much movement 
Lauterbom (1907), who discovered the genus, found the tnchomes full of sulfur 
droplets and showmg a bluish tmt Widouch (1912) desenbed a second species, 
havmg a famt bluish-green color, but only when the sulfur content was high 
This does not suggest that the color is due to pigmentation as m the 
Myxophyceae, but rather that it might be due to some optical effect Kolkwitz 
(1912), who was unable to detect any color m an otherwise identical organism, 
reports that ‘the tnchomes were as colorless as those of Beggiatoa alba present m 
the same preparation ’ Both also presented the same appearance m dark-ground 
illumination, without any sign of fluorescence 

3 Thiotnchaceae Thiothnz is customarily placed close to Beggiatoa, with 
which it shares the mode of nutntion and the storage of sulfur droplets m the 
cells (Winogradsky, 1888, Keil, 1912) It inhabits runmng water, where Beg- 
giatoa would be washed away, bemg attached to a sohd substratum by a basal 
holdfast The absence of motflity and the differentiation between base and 
apex, which is lackmg m Beggiatoa, would m certam groups be regarded as suffi- 
cient for the establishment of a separate family Thiothnx is therefore classed 
here as a representative of the Thiotnchaceae 

Reproduction is brought about by the detachment from the free ends of the 
tnchomes of short lengths which give nse to new growths after attachment to 
some substratum Winogradsky (1888) and WiUe (1902, p 259) desenbe 
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gliding movement of these reproductive bodies, but the formation of true 
hormogonia could not be confirmed by more recent observations Keil (1912, 
p 363) observed plenty of these bonnogonia-bke structures, but failed to find 
active movement, and I was equally unsuccessful The capacity for gliding 
movement is, however, easily disturbed by changed conditions, and the settle 
ment of young filaments is scarcely evphcable without motile reproductive stages 
True hormogonia may therefore well occur m Thiothnx 

If so, its nearest relatives must be sought among the pigmented Hyvophyceac 
Migula (1900, p 40) does not mclude Thiothnx m the Beggiatoaceae, but in the 
Chlamydobactenaceae, but the similanty between Thiothnx and Lcptothrix, 
which ranked for some time as synonyms, is only superficial ance the latter 
possesses flagellate reproductive stages (cf p 78) No blue-green alga, parallel 
to Thiothnx, seems to be known The nearest approach is constituted by 
attached species of Lyngbya The formation of few- or one-celled hormogonia 
from the ends of the filaments does not seem to have been observed m this genus, 
but it occurs in other Myvophyceae 

If Achromahaceae The forms mcluded in this family, the type of which is 
Achromaitum oxaltferum Schewiakoff, are umcellular, depoat sulfur droplets and 
exhibit a pecuhar movement There are a number of genera Achromahum 
Schewiakoff 1893, Moddemla Frenzel 1897, HiUhovsia West and Griffiths 1909, 
1913, Thwphysa Hmze 1903, and Nadson 1914 Some of these names, perhaps 
even all, seem to be synonjuns Achromaiiwn may, however, represent the 
freshwater and Thiophysa the salt water qiecies Thiomlum and ThiosphaercUa, 
sometimes placed close to Achromaiium, are flagellate and do not therefore belong 
to the family 

The name Achromatiaceae seems to have been used first by Buchanan 1918 
(Bergey’s Manual, 1926, p 402) for an assemblage of unrelated forms, including 
for instance Thiospira Wislouch 1914 which is morphologically a tjqiical flagellate 
Spirillum The same confusion is found m Buchanan’s contnbution to Beigey’s 
Manual of 1939 (p 910) Moreover, the author maintains that ‘Cell division 
(m Achromaiium) resembles the constnction of flagellates rather than the fission 
characteristic of bactena’, forgettmg that m the Coccaceae cell division is 


generally of this type 

As a more natural classification, the family Achromatiaceae is here restricted 
to non-fiagellate organisms showmg ghdmg movements, and constitutes the 
umcellular parallel to the Beggiatoaceae The first organism of this group to be 
obsen'ed was mterpreted as a stage m the life cycle of Beggtaloa mirahhs (Cohn, 
1867), with which it was associated This form was marine, and Kolkwitz 


(1909) refers it to Thiophysa 

The practice of certam authors to regard flagelbte, and non-flagcllate, gli^g 
species as near related, or even as belongmg to the same genus, must ^ aban- 
doned Ellis (1932), for instance, at one place (p 116) speaksof ciham Thiovo u 
and at another place of its bemg devoid of cilia (p 125), while the ° 

Sillhousia erroneously descnbe it as having pentnchous ® 

bactena have polar flagella, if at aU, this latter mistake is repeated by Buchanan 
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(in Bergev, 1939, p 910), although the character of the movement could not be 
explamed on this basis Lauterbom’s (1915, p 413) Achromahum mohilc (sjm 
Macromonas Utermohl and Koppe, Mtcrospira Gicklhom) is desenbed as pos- 
sessmg a polar flageUum but, although it was found m companj’" with Achro- 
mahum oxahferum, it cannot be grouped m the same genus with this ghdmg 
orgamsm which has no flagella 

In Achromahum there is a considerable range of sizes Bersa (1920, p 233) 
found the length to be between 9 and 75 fi, with all intermediate lengths repre- 
sented, the usual dimensions bemg 30 to 40 p long and 10 to 18 /i broad The 
cells of Nadson’s (Elhs, 1932, Nadson and Wislouch, 1923?) Achromahum gigas 
even reach a length of 102 p, while Bavendamm (1924) records small mdividuals, 
as short as 3 p The occurrence of forms showing a wide range of widths is one 
more parallel to Bcggiatoa 

Achromahum, m its movements and morphological features, resembles Sgn- 
echococcus m the family Chroococcaceae among hij’xophyceae Stamer and van 
Niel (1941, p 453/54) nghtly saj’- ‘it is temptmg to compare them (i e , Achro- 
mahum) with such members of the M3’xophyta as Synechococcus aeruginosus, 
to which thej' nught well be related m the same manner as Bcggiatoa is to Oscil- 
laiona ’ Both forms are cyhndncal with rounded ends and divide by median 
constnction Synechococcus aeruginosus is the largest species, bemg about 60 p 
long and 40 p wide The habitats occupied by the two genera are, however, 
very different, so that a direct transformation of Synechococcus mto Achromahum 
cannot have taken place 

The movement of Achromahum has been desenbed by Schewiakoff (1893), 
Zachanas (1903a), and '\’ineux (1912, 1913) as spasmodic, slow, roUmg, changmg 
its (hrection irregularly, jerky, mterrupted, — m short a very different kmd of 
movement from that of flagellate bacteria, mdicatmg that it does not belong to 
the Bacteria, to which it was so often relegated The movements of Syn- 
echococcus are desenbed m the same waj’’, almost with the same words (cf 
Geitler, 1925, p 110, 1936, p 57) Accordmg to "STneux (1913, p 267, West and 
Gnffitbs 1913, p 83) and my own obsen’^ations Achromahum adheres to the shde 
by a thm mucilagmous exudation, and the same has been observed by me m 
Synechococcus elongatus n var parva 

Vineux (1912, p 279/80) records that, m addition to division of cells mto two, 
the formation of large numbers of endospores takes place m Achromahum 
This method of spore production is known m manj’’ Myxophyceae, for instance 
m Aphanothece, a genus similar to Synechococcus (cf Fntsch, 1945, p 810), but 
not m anj”- member of the Bactena 

Thiophysa, with the manne or brackish-water species T tolufans Hinze and 
T macrophysa Nadson, appears to be related to Achromahum, although it is 
difficult to assess this on the httle information available It is still more difficult 
to saj’’ anjihmg definite about Thiovulum Mullen Warmmg (syn Achromahum 
(Wamung) ^Iigula (cf INIohsch, 1912, p 55)) andThwsphaerellaamylifera 
Nadson, which EUis (1932, p 116) groups among the Achromatiaceae The elhp- 
soid cells of Thiovulum majus (Hinze, 1913, p 198) are stated to be covered with 
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^ella 07 n thick and to exhibit a movement which is more rapid than that of 

Achromaiium The 'flagella' appear to be bacteria hke those descnhed in HiR 
housia by West and Griffiths (1913, p 83) 

5 ViireosaUaceae As stated above, Beggiatoa ajba can hve heterotrophically 
■without depositing sulfur and cannot then be distmguished from a colorless 
OsctUafona, although the existence of such qiecies is not established beyond 
doubt Geitler, m his vanous synopses, says httle about pigment-free members 
of Myxophyceae, and other authors do not mention them at all, -whereas, ac 
cordmg to Fntsch (1945, p 871) 'there can be no doubt that colourless Myro- 
phyceae occur m a free state m nature’ 

There are, m fact, numerous colorless, filamentous, ghdmg organisms, which 
are by no means rare and are easily demonstrated, so that it is difficult to under- 
stand how they have escaped notice They hve m a variety of habitats and are 
almost regularly present amidst floatmg masses of filamentous blue-green algae, 
other species hve m cow dung, m the mucilage of vanous organisms (e g , Ophry 
dtum, accompamed by OsaUaiona ampkibid), and between ddbns m the surface 
scum of stagnant waters, particularly those with a bottom of black mud Seven 
species, one manne, have so far been isolated m pure culture, although m many 
cases attempts to culture such organisms have failed While all have distmctive 
features of their own, some are similar to a colorless OsciUatma or a sulfur-free 
Beggialoci, so that they were suspected of belongmg to the latter genus until the 
mabihty to deposat sulfur from hydrogen sulfide had been established 

It 13 proposed to mclude these organisms m the new family TitreosciUaceae, 
■with VitreosaUa begguUotdes as the type Four of the species, that have been 
cultivated possess cyhndncal threads, while the others are more or less constncted 
between the cells so that the tnchomes are momliform Most of the species tend 
to break up mto short lengths (honnogoma) more readily than Beggiatoa alba, 
and only m one of them do the filaments reach a great length under favorable 
circumstances 

The length of the tnchomes and the degree of constnction are so variable, even 
m one and the same stram, that distmct genera cannot be established, although 
some of the forms not yet grown m culture differ more profoundly The vanous 


species seem to be confined to certam habitats, but the chief characters are 
furnished by the -width and length of the cells, the tendency to fragment mto 
short lengths, the rapidity of movement and the cultural behavior and appear- 
ance Other differentiatmg features may be found by more detailed physio- 
logical and cytological mvestigations 

The cells have a low refiractive mdex, rather hke that of Myxobactena, so that 
the small, narrow species are not readily observed under low power The ce 
are gram negative, but stam well -with bacterial dyes and -vital stains Old or un- 
healthy gro-wths contam fat and volutm, while those m vigorous developmen 

appear optically almost empty They possess nucleoid structures not very er 

ent as far as mvesbgated, from those of Bacteria CeU-division P 
by diaphragm-like mgro-wth of the cell -wall, much as m Myxophyceae an 
tena Hormogoma are mitiated by certam constrictions deepenmg o 
circular grooves, so that the descendants by division from one ongmal cell 
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eventually separated from others The frequency of such fragmentation vanes 
within the same species with the conditions of growth, as does also the length of 
the cells 

These orgamsms, which earher biologists would probably have regarded as 
Bactena, differ from them essentially m their ghding movements These also 
facihtate their separation from other microorgamsms dunng the preparation of 
pure cultures The tnchomes of Vttrcoscilla escape from aggregations of other 
orgamsms which cannot move over an agar surface, so that the techmque of their 
isolation IS the same as that devised by Cataldi (1940) for Bcggiatoa Viireoscilla 
beggiatoides, the first species grown m pure culture, was, however, purified by 
washing by the pipettmg method 

Four species were isolated from cow-droppmgs on plates of dung-agar, but the 
pure cultures grew better on other media The remaimng 3 species were isolated 
usmg an agar medium with neutrahzed yeast extract Relatively low concentra- 
tions of proteid substances, rangmg from 0 05 to 0 3% were found to be most 
smtable, not only to obtain pure cultures, but also to mamtam them m a healthy 
state None of these orgamsms seems to hve m heavily polluted water Al- 
though not specially dehcate, they do not stand competition very well 

The ghdmg habit determines the nature of the growths on agar, most species 
producmg wavy, curly, or spiral colomes on media of not too high a nutntive 
value On nch media drop-hke colomes, resembling those of manj’- bactena, 
are formed In the former case smgle filaments project and start growths on 
free portions of the agar surface The projectmg strands gradually become wider 
as the tnchomes elongate and ghde past one another, fo rmin g outgrowths and 
twirls A charactenstic feature is the production of new colomes, at a distance 
from the ongmal growth, from mdividual tnchomes which leave tracks behmd 
them as they ghde forward Such secondary colomes cannot be formed by 
org anisms lacking the capacity for ghdmg movement, although the growdhs may 
otherwise be st rikin gly similar owmg to the possession of long threads by the 
orgamsms concerned This is so, for instance, m Bacillus mycoides, Lineola longa 
(Pnngsheim and Robmow, 1947), said Sphaerotilus natans (Pnngsheim, 1949a), 
three bactena which, though not closely related, aU produce spirals and curls 
but show always a connection with the place of moculation 

All the species of Vttreoscilla resemble Beggiatoa m bemg able to hve on pep- 
tone, beef extract, yeast extract and the like Sugar produces no favorable 
effect, and that of acetate is not very pronounced This group therefore seems, 
hke the majonty of heterotrophic microorganisms, to have no specific biochemical 
properties, but to utihze compounds formed m the bactenal decomposition of 
protems None of them seems to be able to hydrolyze genume proteins Casern 
IS not dissolved, nor is gelatme hquefied 

In hqmd media growth occurs onlj’’ with concentrations of nutnent substances 
even lower than m agar media A smtable solution contains 0 04% yeast ex- 
tract, 0 04% Bacto tryptone, 0 02% beef extract, and 0 02% sodium acetate 
Mixtures are on the whole better than smgle substances A medium composed 
of 0 1% yeast extract and 0 1% Bacto tryptone needs the addition of soil extract, 
this mixture bemg the best so far tested Multiphcation is never as luxuriant as 
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on agar, but the tnchomes appear healthier and more like the ongmal matcnnl 
and show pronounced motility, seen especially well at the margm of small hanmnc 
drops on a fat-free cover-shp 

Apart from the species grown m pure culture, only a few others presenting 
characteristic features have so far been distmguished It is doubtful whether 
they should aU be mcluded in the genus VttrcosciUa A few are descnbed below 
The specific name of ViireosctUa fiageUum refers to the hvely movements of its 
narrow tnchomes (about 0 3 wide) which almost give the impression of a 
flagellum of Englena Cells could not be distmgmshed The length of the tn- 
chomes vanes greatly, the shortest not exceedmg 10 n, while the longest are so 
much curved and entangled that they cannot be measured, although certainly 
more than 100 ft long This species was found frequently among filamentous 
Myxophyceae, such as Oscillaiona amphibia It resembles VtlreosciUa marina, 
but IS narrower and confined to fresh water 

V stncta was found m a pond with water fowl and m a pool polluted by cattle, 
both containmg iron orgamsms and a multitude of pigmented flagellates This 
species IS characterized by its ngid tnchomes which durmg the hvely ghding 
movements bend only when caught between obstacles and stmighten out im 
mediately when they become free In the marked elasticity of the tnchomes, 
which are about 1 ft wide, it differs from other species of the genus, as well from 
Beggiatoa, but only m degree The cyhndncal cells were full of small granules 
An organism foimd only as a few mdinduals, though in vanous places between 
debns and algae may be named Bacioscilla Jiexibilis The genenc name refers 
to the fact that the short tnchomes are composed of a number of rods, about 0 S (i 
wide, apparently separated by empty mterspaces The pecuhar feature of this 
genus IS the slow, though pronounced bendmg, durmg which the mdmdual rods 
remam straight The structure is therefore comparable to that of Lincola arlicu 
lata n sp (unpublished), but while this filamentous bactenum swims with the 
help of pentnchous flagella, BactosciUa is a ghdmg organism In both forms, 
it IS the mvTSible matter constituting the hmge-hke jomts that bends This is 
similar, though far less evident, m other members of the VitreosciUaceae, for in- 
stance in ViireosciUa momliforvus, the widest species of all, as well as occasionally 
m V paludosa, but, owmg to the shortness of the cells, not quite certain The 
occurrence of such a mechanism, although obscure m its physical nature, renders 
a general apphcation of the contractile wave theory still more difficult 

Certam yet smaller filamentous forms, to be grouped m the same genera or in 
a third one, MtcrosciUa, are only mentioned here to illustrate the range of un- 
known organisms still to be descnbed They may possibly have some relation 
to the Myxobactena, to which, as filamentous members, they maj form a transi- 
tion 


rv ORGANISMS WHOSE AFFIOTTV WITH BACTERIA AND irrXOPHVCEAE 

IS DISPUTED 

1 Caryophanon and Oscillospira Caryophanon was discovered and isolat^ 
by Peshkoff (1940) It is the largest bactenum ever grown in pure cul re, a 
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for tins and other reasons of considerable interest Peshkoffs title ‘Phylogenesis 
of two microbes Caryophanon Jalnm and C iemie, orgamsms w'hich are inter- 
mediate between Blue-green Algae and Bacteria’ a\plams why some space must 
be devoted to a discussion of these orgamsms 

Although most of the features stated to be charactenstic of the genus could be 
corroborated by an investigation of C latum, Peshkoff’s cytological data were 
found to be mcorrect, and his news as to taxonomic relations had to be refuted 
(Pnngsheim and Robmow, 1947) It is curious that Peshkoff G c , p 615/16) 
although admittmg that Caryophanon is a 'tjiiical bactenum owmg to its 
pentnchate flagella and some other features’, behe\ es that ‘the type of its nucleal 
apparatus suggests its direct relationship to the Blue-green Algae ’ In actual 
fact it IS, ]ust as m OsciUospira, the appearance of the tnchomes which suggests 
a smulanty to the Mjw.ophyceae and not the nature of the cell-contents 

Peshkoff devoted much attention to the nuclear apparatus but, owmg to an 
unmethodical use of vanous fixmg and staimng methods, he misapprehended the 
cellular and nuclear organization As nuclei of Caryophanon he descnbes vanous 
structures which cannot well be identical, to wit (1) Denser regions m the h\mg 
organism and arranged m a row withm the filaments are mterpreted as nuclei, 
hence the genenc name Thej’’ are also shown m some of his photographs of 
stamed preparations, where they appear as elongate structures placed trans- 
versally, or as V-, H-, and X-shaped bodies They probably compnse the whole 
or nearlj’- the whole of the protoplast, which is repeatedly cut mto by penetratmg 
cross-walls dunng the process of ceU division (2) In certam captions to the 
colored figures m the first pubhcation (1940) nngs are descnbed as nuclear struc- 
tures, these seem to be m part nucleoid bodies deformed bj*^ unsmtable prepara- 
tion and m part developmg cross-walls (3) The beaded structures, hnmg the 
inner surface of the outer walls m one of the photographs, are agam of a different 
nature, probably a cj'toplasmic granulation m the ndges flanking mwardlj’’ pro- 
gressmg cross-walls (4) There are mdications that Peshkoff has also seen the 
true nucleoids which, as m other bacteria, are better demonstrated by Giemsa 
staimng after hydrolysis (Prmgsheim and Robmow, 1947) None of these struc- 
tures much resembles the Feulgen-positive granules descnbed m the few IMyvo- 
ph 5 '’ceae so far mvestigated (Poljanskj’^ and Petruschewskj', 1929, cf also p 54) 

Peshkoff is also wrong m ascnbmg a non-ceUular orgamzation to Caryophanon 
It seems that the absence of cross-walls, the existence and mode of formation of 
which can be demonstrated m Caryophanon more readily than m most other 
bactena, was suggested to him by earher studies (1938) of the cell structure of a 
bactenum, obviously misshapen by ‘mvolution’ It is not clear why the lack of 
cross-walls is regarded as a feature by which Caryophanon approaches the Myxo- 
phyceae, smce the tnchomes of the latter are alwajs composed of numerous 
cells 

Peshkoff does not mention the pecuhar morphological structure of Caryo- 
phanon, either m the Russian text or m the Enghsh summarj^ as a feature re- 
lating it to certam hlyxophyceae, although chains of discoid cells hke those 
constitutmg the body of Caryophanon, so common m OsciUatonaceae, were not 
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knoTO m any bactenum, moreover tbe breaking up of the filaments into short 
engths IS reminiscent of the hormogonia of Myxophyceae, while filamentous bac- 
teria were beheved to dissolve mto sin gle cells 
These rather stnkmg resemblances do not, however, appear to be of taxonomic 
importance The shortness of the cells of Caryopharum can be correlated with 
their extraordmaiy width (2 5 to 3 2 /«) and indicates a tendency opposed to the 
formation of over-large cells, a tendency which can also be recogmzed m Osdlla- 
iona, if the shapes of cells m giecies with different widths are compared As a 
rule the narrow species have elongate, the wide ones short cells, a rule already 
recogmzed by Gomont (Geitler, 1936, p 25) 

The hormogonia of Myxophyceae are short lengths of filament which are char- 
actenzed by the capacity for movement (Fntsch, 1945, p 804) Up to the 
time of Peshkoff’s pubhcations, such structures were unknown m Bacteria, and 
they differ of course m Caryoplumon from those of Myxophyceae m that moie- 
ment is effected by flagella Another difference is afforded by the absence m 
Caryophanon of any mdication of a hfe-cycle as there is m OsaUatona where 
periods of vegetative growth alternate with such of hormogoma production 
When growth is undisturbed m Caryophanon, the tnchomes develop constnctions 
which appear at regular mtervals and steadily deepen until that first formed and 
situated approxunately at equal distances from the ends divides the tnchome 
mto two No OsciUatona seems to be provided with such marked constrictions 
mdicatmg at an early stage the place of fragmentation, but the alternation m 
this genus between portions exhibitmg cell-division and others exhibitmg elonga- 
tion shows that there is another kmd of penodicity m OsaUatona, the formation 
of hormogonia bemg imtiated by external factors and commencmg with the death 
of certam cells This divergence m organization is best explamed on the assump- 
tion that the srmilanties between Caryophanon and certam Myxophyceae are 
superficial and due to convergent evolution, rather than to a common ongm, 
while the difference between Caryophanon and other bacteria has become less 
marked smce we know that bacterial rods are often composed of several cells 
(Robmow, 1944) They then divide m essentially the same way as Caryophanon 
tnchomes (cf also Bisset, 1949) 

Peshkoff’s recogmtion of Caryophanon as a form mtermediate between Bac- 
teria and Myxophyceae cannot be accepted There are no mtermediate forms, 
the two classes are mdepiendent Peshkoff (1940, p 616) attempts ‘to find out 
what bactena-hke organisms descnbed m scientific hterature could be classified 
as the nearest relations to Caryophanon ’ In this connection he mentions M 
closely related OsaUospira, which is dealt with below, and PontoOinx (Molisch, 
1912), a member of Chlamydobactenaceae The polar flagella on the swarmers 
of the latter (cf p 78) show that it is widely removed from the pentnchous bac- 


teria Caryophanon and OsaUospira 

Organisms of the OsciUospua group have frequently been descnbed, usua y 
as colorless parasitic Myxophyceae It is difficult to assess the taxonomic rela- 
tionship between tiie forms observed by the vanous authore ' 

mtim iniesUnahsYahutm (1836), Enfomitus batrachorum Colhn (1912/13), Oscii 
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lospira Guilbermondi Chatton and Pdrard (1912/13), OsciUaiona caviae Simons 
(1920), Snnon^icUa MUllen Schmid (1922), Anahaeniolum brumpii Langeron 
(1923), A7ia.l)aemohim Langcroin and A longum Nadson and Erassihukov (1928), 
OsciUaiona cypnni L4ger and Bor}' (1932), and Daciylococcopsis echini Mortensen 
and Rosen^^nge (1934) Grass6 (1924) recogmzed three genera OsaUospira 
Chatton and P4rard, Eniomitus n g (sjm Arthromiius Colhn) (?) and SimormeUa 
(Schmid), but there maj’’ be more sjmonjTiis A relationship vath the Mj’no- 
phyceae ivas ahead}’- assumed by Chatton and P4rard 

All members of the group inhabit the intestines of animals, and occur m a great 
vanety of them, especially in the rumen of rummants and the cecum of rodents, 
but some are found m batrachians and others m the human mouth Morpho- 
logically they are charactenzed by the possession of filaments composed of a 
limited number of discoid cells with approximately hemisphencal end cells, cell- 
diiusions bemg accomphshed by diaphragm-hke mgrowth of the wall In certam 
instances (e g , OsciUospira, Delaporte, 1934) endospores have been found, but 
these seem to be rather erratic m their occurrence Grass6 (1924), who found 
them m all the members of the group mvestigated, beheves they are umversal 
Some au-thors record motihty, while others do not mention it or failed to observe 
movement Reproduction is effected by fragmentation mto short lengths, m a 
way similar to that m Caryophanon 

While Harder (1920), Pascher (1921), Schmid (1922), Canabaeus (1929) and 
others, who were well acquamted -with M}'xophyceae, follow Chatton and P6rard 
and Simons m regardmg OsciUospira and its relatives as apochlorotic members of 
this class, Geitler (1925, 1936), Bhdradvfija (1940), and Fntsch (1945, p 871) 
doubt their assignabihty to the Myxophyceae 

Pascher (1921) speaks of the group as parasitic Oscillatonaceae and pomts to 
‘the quite analogous occurrence of colorless Oscillatonaceae m the dead bodies of 
Rotatona and Cladocera’ which he repeatedly found filled -with colorless fila- 
ments sometimes even occurrmg m the hve nnimnls Accordmg to him almost 
or completely hyahne Myxophyceae also hve m the mucus of other organisms 
(cf pp 62, 70) He constructs a (rather artificial) evolutionaiy senes, com- 
mencmg with normal blue-gree forms and passmg through famtly pigmented 
to colorless Myxophyceae, as was already done by Simons (1920, p 363) 
Pascher’s views do not seem to be based on personal knowledge of OsciUospira 
or similar organisms, and there is no e-vidence that the transformation of chloro- 
phyU-contaimng mto apochlorotic organisms has ever gone this -nny 

Geitler (1925, p 338,1932, p 909,1936, p 1) rejects the idea that these organ- 
isms are Myxophyceae Accordmg to him they ‘ have a certam resemblance 
to OsciUaiona and have therefore been descnbed as such The occurrence of 
peculiar, large, refractive, not readily stainable structures, which are probably 
spores, and the qmck movements observed m certam forms are against groupmg 
them among the Myxophyceae They are pro-visionally to be referred to the 
Bacteria ’ 

Actually there is httle that speaks m favor of a close relationship between the 
Oscillospiraceae and the Myxophyceae, except a superficial resemblance m Oscil- 
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lospira to certam species of Oscillaiona ivitii short discoid cells As pointed out 
above, this charactenstic is also found in Caryophanon, whose sumlanty to 
OsciOospira was already recognized by Peshkoff (1940, p 616) and resulted in a 
sunilar error There are in fact scarcely any pigmented Alyvophyceae that re 
semble OsciUospira, the filaments of the former generally being much longer and 
lackmg endospore-formation (cf also BhdradvAja 1940, p 204), nhile the kind of 
movement is also different 

In bis first paper Simons (1920, p 361) described the movement of his Osciffa 
tona cavzae as resemblmg that of Oscillaiona and Beggiaioa, but later (1922, p 
503) he pomts out that the speed of movement considerably surpasses that of any 
OsciUaiona, and this should have warned him as to the difference I failed to 
observe motihty m ordinarily mounted preparations from the rumen of sheep 
and the cecum of gmnea pigs, although OsciUospira was often present m enormous 
numbers The movement was therefore suspected to be affected by access of air 
Robmow and I (1947, p 274) observed motihty only m sealed preparations where 
it was similar to that of Caryophanon m cow dung This suggested the presence 
of flagella, which Robmow was able to demonstrate 

Mr Prank Baker of the Rowett Research Institute, Bucksbum, Aberdeenshire 
(pnvate commumcation, cf also Baker, 1933, 1943) was land enough, in response 
to my request, to test our observations on a nch material By working mth a 
warm stage and sealing the cover-glass with wax, he regularly obtamed free 
swimming by healthy tnchomes from the rumen of sheep and cattle and the 
cecum of guinea pigs He informed me also of the occasional occurrence of 
spores m matenal from these sources Mr Baker bebeves that the OsciUospira 
like organisms from ruminants and rodents are ‘genencally, if not specifically, 
identical m view of (1) the very similar mtemal orgamzation of the filaments, 
(2) the formation of hormogones and (3) of spores, (4) the formation within the 
filaments of a substance giving a blue-mauve reaction mth lochne ' The varm 
tion m width of the tnchomes is probably due to the fact that they taper mark- 
edly towards one or both ends, so that honnogoma of different diameters are 


produced 

OsciUospira is therefore a bactenum, resemblmg Caryophanon m its short tn- 
chomes composed of wide discoid cells and provided with pentnehous flagella, but 
differmg m (1) the stiU greater diameter of 3 to 7 5 /ij compared mth 2 5 to 3-2 y 
m the latter, (2) the anaerobiotic charactenstics,* (3) the stareh-hke resene sub- 
stance ‘granulose', resembling that of Closindtum and several small organisms 
associated with OsciUospira, (4) the qpore formation The ovoid spores are pe- 
cuhar m that they are too large to be accommodated by single cells, so thatserera 
break down to for a spore chamber The spores appear to be of the same type as 


m bactena, not like the ordinary spores (akmetes) of Mjwophyceae 
Although all the organisms of the OsciUospira-group have a similar appea^ce, 

them affimty IS not m every case estabbdied For instance one form reco as 

frequently occurnng in the human mouth (Miller, 1892, Fellmger, 1924) may 

* There are, however, indicationfl of aerobic growth on agar plates (Simons, P 
Hoequette, 1933), and of occnrrence in the mouths of mammals (Simons, / 



1949] REIATION*SHIP BETWEEN BACTERIA AND StTXOPHYCEAE 77 

perhaps be different Delaporte (1934) demonstrated a nucleal reaction m bodies 
situated in the center of the cells of several forms, but further cj-iological and 
cultural investigations are required to clanfy the situation 
2 CMamydohactenaceac The supposed relationship between the Chlamj’'do- 
bactenaceae and certam IMjwophj’-ceae has a long history and is linked with the 
names of some of the best microbiologists It is still supported at the present 
dajq although there is httle substance m it 

Cohn (1870-71, p 118) compares the filaments of Frenothnx to colorless OsciUa- 
tonaceae Migula (1904-07, p 129) beheves that of the Bactena the Chlamydo- 
bactenaceae are nearest to the M}wophj’'ceae Kolkwitz (1909, p 76) places 
colomal and filamentous Bactena and Mjwophyceae with a s imila r ceU arrange- 
ment side bj’" side He compares Sphaerohlus and Cladothnx with Scytonema, 
Clonoihnx with Rividana, and Crenothrix mth Chamaesiphon None of these 
pairs of forms are reall}’’ parallel m their morphological structures Passmg over 
the intermediate penod, Bhfiradw&ja (1940, p 203) may be mentioned as re- 
peatmg similar arguments m more recent years The resemblance between 
Cladothnx and Crenothrix and certain Mjrxophyceae is also mentioned bj’’ Fntsch 
(1945, p 860) who, however, abstams from drawmg rash conclusions 
The view of a similant 3 ’’ between Chlamydobactenaceae and certam Myvo- 
phj'ceae is based on (1) the presence of sheaths around the tnchomes, (2) the 
propagation by short lengths of filament, (3) the ‘false’ branchmg of Cladothnx 
which IS also found m many Mjwophyceae, (4) the erroneous behef that tn- 
chomes of Leptothnx creep out of their sheaths and form new ones Such ghdmg 
movements could not be obsen^ed, either m microscopical preparations or on agar 
plates (Prmgsheim, 1949 a, p 459) , (5) the deposition of feme and mangamc com- 
pounds on the surface of certam M 3 woph 3 ’’ceae, as m the Chlamydobactenaceae 
Owmg not so much to such parallels, but merely because of the true filamentous 
habit, although this is found m many other bactena, the Chlamj^-dobactenaceae 
have been coupled with the Beggiatoaceae as Tnchobactena or Desmobactena 
m most s 3 ’stems of classification of bactena (cf p 7) This practice is misleadmg 
and has been abandoned by Stamer and van Niel (1941, p 455/56), although they 
mamtam the suggestion that ‘Clonoihnx Jusca is probablj’ a colorless blue-green 
alga whose counterpart might be found m the myxophj-tal genus Rivulana ’ If 
the wnters have m mmd Clonothnx fusca Roze (1896), for which its author asserts 
a bluish tmt and consequent!}’’ desenbes it as a member of the jMyvophyceae, 
then we are not dealmg with a colorless organism If, however, they are thinking 
of a form identical -with or ver}’’ similar to Cladothnx, such as Schorler’s (1904) 
Clonothnx fnsca, then there is scarcely much similanty mth Rivulana Regard- 
mg Sphaerohlus, Leptothnx, and Crenothnx Stamer and van Niel are more 
cautious It IS not clear, however, why they beheve that ‘the morphological 
charactenstics of Crenothnx are so outstandmgly different from those of the other 
two genera’ Although it seems that Crenothnx does not produce swarmers hke 
Sphaerohlus, and although its comdia are formed by division along three planes 
instead of one, these are not very important differences The reproductive stages 
of Sphaerohlus may also be non-motile, and longitudinal divisions may occur 
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(PnngBheim, 1949a) Moreover, non-motile aplanospores are produced uader 
certain circumstances m place of swanners by many algae 

There is, however, a blue-green alga which is really stnkmgly similar to Crcno- 
thnx but for the color Letesluinema BowreUyi (Hortobdgyi, 1947) It shares 
with Crenothnx the lack of heterocysts and hormogoma and propagates with the 
help of spores which are produced withm an apically widening sheath by trans- 
verse and longitudinal division They round up before bemg discharged Noth 
mg about motdity is known 

Even those charactenstics of CShlamydobactenaceae which most recall those of 
Myxophyceae are, m fact, on closer inspection rather unlik e (1) The sheaths 
of Chlamydobactenaceae are very thm and tough, and the cells of older threads 
are often separated from one another This is not so m any member of Myxo- 
phyceae, (2) while the hormogoma of the latter are well-defined portions of fila- 
ments onginating by separation at prepared places, the Chlamydobactenaceae 
reproduce by irregular fragmentation into short lengths Moreover, the honno- 
gonia of M 3 rxophyceae exhibit ghding movements, while the reproductive cells or 
ceU-aggregates of Chlamydobactenaceae are either motionless or, m the posses 
mon of flagella, resemble swarmmg bacterial rods, (3) the false branching of 
Cladothnx is not so well defined as that of Rivulanaceae and Scytonemataceae 
There are neither heterocysts, nor necndia The branchmg of Cladothnx may 
be suppressed altogether when the sheaths are either too soft to hold the parts 
together or too ngid for cells to break through and to give ongm to branches 

Too much weight may therefore not be given to the similanties which really 
all depend on one feature, the enclosure of the tnchomes m sheaths which has 
developed by parallel but mdependent evolution m the two groups The 
Chlamydobactenaceae are true Bacteria, more nearly related to the Spinllaceae 
than, for instance, are Corynebadenum or Mycobacterium, or probably even 
Bacillus 

3 Photosynthdic Baciena There are many bactena-hke organisms of mmute 
size which possess pigmented protoplasm and whose relation to true Bacteria and 
to Myxophyceae has some beanng on the problems discussed m this review 
Their color is green, yellowish green, blue-green, brown, red, or purple While 
the Purple Bactena or Rhodobactena and the brown Phaeobactena are closely 
related (van Niel, 1944), those with a more or less green shade belong to vanous 


unrelated groups 

a Green Baciena The designation ‘Green Bactena’ has merely a descnptwe 
value The earher records (Perty, 1852, van Tieghem, 1880, Engelmann, 18821 
can scarcely be adjudged smce diagnoses, measurements and figures are 
Dangeard (1895), and m part also Ewart (1897), possibly mistook smaU Chlo^ 
phyceae for green bactena Zopf (1882), Cohn (1897, p 494) and SchmidJe 
(1901) refer such organisms to the Algae Benecke’s (1912, p 243) statemen 
that blue-green Spinllas beanng flagella have been observed has not been sut^ 
stantiated Baas-Beckmg (1925, p 630) found a 
green streptococcus-hke organism, which he beheves to be identical wi^ 
^tocoZis vanans He succeeded m growmg the latter on peptone agar, 
thou^ not m pure culture, and he concludes that it is aerobic 
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Green Bactena were, however, for the most part found associated with organ- 
isms adapted to a high concentration of hydrogen sulfide (Szafer, 1911, Skene, 
1914, van Niel, 1931), such as Purple Bactena and Myxophyceae, or in mud and 
stagnant water nch m orgamc matter, or as sjonbionts on the surface or withm 
the body of "vnnous small organi sms 

Geitler and Pascher (1925, p 451) published a fairly comprehensive treatment 
as an appendix to the Mj’xophyceae and proposed to change the older name of 
Chlorobactenaceae (Lauterbom, 1915, p 425) mto CJyanochlondmae Accord- 
mg to them the bactenal nature of these organisms has not been proved m a 
smgle case Thej’- admit that they represent a non-homogeneous assemblage, 
the majonty of whose members are not blue-green but yellowish This does not 
preclude an aflhutj’’ with the Myxophjmeae, which is highly probable m many 
cases 

Van Niel (1931, p 73) subjects Poscher’s (1914) and Geitler and Pascher’s 
(1925) descnptions of numerous symbiontic and free-hnng Green Bactena, as 
well as their groupmg as Cyanochlondinae near to the Mjrxophyceae, to severe 
cnticism He himself found only one species which he isolated in pure culture 
and which he beheves to be identical with Chlorobium lumcola Nadson (1906, 
1912), as well as with the greemsh rods belongmg to Lauterbom’s (1915) Chloro- 
chromaimm aggregatum, and even with Pascher’s Cyanarciis hamrformis, Chro- 
oslipes hneahs and certam other Cyanochlondinae 

Although Pascher may sometimes have been rash m naming occasional dis- 
covenes, van Niel’s distrust goes too far (Pnngsheim, 1932a) He imderesti- 
mates the importance of morphological mvestigations Moreover several of 
these mmute orgamsms do not possess the yellowish to ohve-green hue of the 
green sulfur bactena, but are blue-green like true Mj^ophyceae, as m Pascher’s 
Cyan-arcits and Chroostipes (Geitler and Pascher, 1925, p 116) I myself ob- 
served the blue-green color m several bactena-hke orgamsms which I studied m 
cultures How vague the descnption of color may be, is shown by Geitler and 
Pascher’s G c , p 460) diagnosis of a form similar to Chlorochromatium as ‘gelbgrun 
rmt emem ausgesprochenen Stich ms blaugrune’ (j^ellowish green with a distinc- 
tive blue-green tmge), a contradiction m itself 

The pigments of Green Bactena have only been mvestigated by Metzner 
(1922), who discovered a new green pigment bactenovmdm, differmg from 
chlorophylls a and b, as well as from the bactenochloroph 3 ’'ll of Purple Bactena 
The pigments wiU probably be the most smtable features upon which to base a 
classification and, until more Green Bactena have been mvestigated from this 
point of view, no defimte statements as to the taxonomic position of most species 
can be made In this connection it is significant that the yellowish color, re- 
garded as characteristic of the Cj’’anochlondmae by Geitler and Pascher, is also 
met with m several true Mj^xophyceae In the latter, contrary to Geitler’s 
(1925, pp 346, 362) opmion, it does not always constitute a specific feature but 
represents a state of nutntion (cf p 62), although some species maj’- perhaps be 
more readily influenced m their pigmentation by nutntional deficiency than 
others There is no doubt, as my cultures have shown, that mmute, bactena- 
hke forms behave m this respect hke larger Myxophyceae 
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Until a better knowledge of Green Bacteria has been obtained, they may tenta 
ti-rely be placed m three groups (1) Small unicellular Myxophyceae, 0 6 to 1 u 
mde, usually referred to the Chroococcaceus genera Synechococcus, Ehabdodcma 
Dadyhcoccopm, Cyanarcus, Chroosltpea, etc , (2) Oyanochlondmae (Chlorobac- 
tenaceae m Lauterbom’s sense), such as Tetrachlom, Pehgloea, Slreplococm 
vanana Ewart, (3) Green Sulphur Bacteria (m van Niel’s sense), showing relation 
to the Purple Bacteria, e g , Chlorobium Szafer, CfUoropseudomonas Czurda and 
Maresch 

(1) The first group certamly does not belong to the Bacteria, smce ghdmg 
movements are known m some of them (cf p 60), and the pigmentation seems 
to be the same as that of other M 3 rxophyceae, with capacity of reversible bleach- 
mg under adverse conditions Individual cells may not betray their color, owing 
to them small size, and may then easily be mistaken for true bacteria It is only 
when these small forms are massed m large numbers that they can be identified 
by their blue-green hue fadmg to yellow Some of them aggregate to form dis- 
tmctiye colomes 

(2) The Cyanochlondmae may still be nothing else than small Myxophyceae 
Geitler and Pascher (1 c , p 451) refer to a central colorless and a peripheral pig- 
mented part of the cells and state that the yellowish forms are connected through 
mtermediate shades with distmctly blue-green ones These are features charoc 
tenstic of Myxophyceae The color of dense populations of orgamsms identified 
as Pehgloea and Telrachlorts is definitely blue-green 

(3) The Chlorobactenaceae (Lauterbom m part) or Green Sulphur Bacteria 
(van Niel) share the habitat and certam charactenstiCB with the Pi^le Bacteria 
Attention was first drawn to them by Szafer (1911) and Nadson (1912) Skene 
(1914) , who found them only m fresh water, grew them m cultures Bavendamm 
(1924) found it difificult to exclude green bacteria from his ennehment cultures of 
Purple Bactena Van Niel (1931, p 27) isolated Green Sulphur Baotena also 
from sea water , they appear as a green sediment with a greyish tmge According 
to him (1944, p 61), they contam a chlorophyll-like pigment which is 'most cer- 
tainly not identical with either the bactenochlorophyll of Purple Bactena or 
chlorophylls a and b’, a statement apparently only based on Metzner’s mvestiga 
tion (cf p 79) 

The only species of Chlorobactenaceae so far thoroughly mvestigated is the 
CMorobtum limtcola of van Niel (1931, p 66), who mchnes to the behef that all 
Green Bactena belong to it (1931, p 72), but this is unlikely to be correct Even 
if httle weight is given to earher statements, there are distmct differences 
tween the form studied by van Niel and Chloropseudommas Czurda and Maresch 
(1937, p 123) The former is non-motile, and strongly polymorphic (1 c , p 65), 
while even single mdividuals are green, the latter is always rod-shaped, motile 
with the help of polar flagella, and colorless mdividually though ohve-grecn (not 
greyish) when massed They seem also to differ physioIogicaUy 

The vanabibty of van Niel's Chlorohum is remarkable It exhibits co«m 
forms, long rod- to club-shaped ceUs, loosely or closely wound spiral 
and large elhpsoidal or sphencal shapes This polymorphism surpasses 
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everj' other microorganism and should be confirmed by thorough scrutmj’^ It is 
not stated whether all the vanous forms represented m van Niel’s fig 8 (1931, 
p 65), were simultaneously found or, if not, under what conditions they were 
produced 

While groups (1) and (2) maj’’ have to be merged, especially as Lauterbom’s 
Pclodidyon could scarcel}’’ form nets without ghdmg movement, which would 
show it to be a member of the M5’Aophyceae, group (3) is defimtelj’’ not related 
to either of the others 

b Purple and Brown Bacicna The differences m color between purple, red, 
and brown bacteria are msignificant, changes being obsenTd even m the same 
stram (van Niel, 1944, p 4), so that all these orgamsms can be treated under the 
designation of Purple Bacteria The storage of sulphur m the cells is also not 
qmte as distmctive a feature as was previously beheved (van Niel, 1931) 

At first sight Purple Bactena seem to afford httle evidence of affimt}’- to M3W0- 
phyceae, but a few aspects must be discussed The possession of photosjmthetic 
pigments, not contamed in specially differentiated protoplasmic bodies (plastids), 
is common to both classes The appearance of the cytoplasm of the large Purple 
Bactena (e g , Chromaiium olemi) recalls that of certam Myvophyceae (e g , 
Chroococcus turgidus) m its fine punctuation and apparent homogeneity and 
differs from that of other small orgamsms Fischer (1897a) failed to demonstrate 
a central body like that of Myxophyceae m Chromahum, while Dangeard (1909) 
claims to have seen it, although he states that the pigments are diffused through- 
out the cytoplasm This also seems to be so m Chroococcus (Acton, 1914, p 451 , 
Geitler, 1936, p 6) 

These similanties would not amount to much, if aU Purple Bactena possessed 
flagella Van Niel (1944, pp 17, 81) shows connncmgly that the polar flagella- 
tion of the motile forms, combmed with the absence of spores and the gram 
negative character, adnuts of a reference of these forms to the Pseudomonadaceae 
(Kluyver and itoi Niel 1936) This mvolves abandomng the f amil y Rhodobac- 
tenaceae and separatmg certam non-flagellate Thiorhodaceae (Purple Sulphur 
Bactena) from the others, although this conclusion was not drawn by van Niel 
This author has recently raised the group, of which Pseudomonas is the type, to 
the rank of an order, the Pseudomonadales (van Niel, 1944, p 82) with which one 
may well agree This order is divided mto the two famihes Pseudomonadaceae 
and SpinUaceae The mclusion of the sulphur-contaimng forms m the Pseudo- 
monadales IS tacitly assumed by van Niel G c , p 81), although no sj’stem of 
classification is given for the order 

The flagellate Purple Bactena would apparently belong m part to the Pseudo- 
monadaceae, m part to the SpinUaceae, each mcludmg sulfur-depositmg species, 
as weU as others which do not deposit sulfur The Thiorhodaceae, however, com- 
pnse genera which cannot be mcluded m the Pseudomonadales Lauterbom 
(1915, p 427) gives a table showmg the morphological paraUehsm of certam 
colorless, red, yellowish green and blue-green microorganisms The simila rity 
between the colorless Lampropedia, the red Thiopedia, and the blue-green Meris- 
mopedia is stnking and so is that between the red genera Thiodictyon and Pelo- 
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chromatium on the one hand, and the yellowish green Pelodidyon and Chhro 
chr^aiium on the other As m Pdodiciyon (cf p 81), the arrangement of the 
cells m Thiodtctyon ekgans (Winogradsky, 1888, p 80, cf also Bavendmmn 
1924, p 124, Elhs, 1932, p 169) is scaiaely possible without the assumption that 
the ceUs can ghde over one another These organisms form net-hke colomcs of 
rod-shaped ceUs, ongmatmg by a gradual onentation from a dense primary aggre 
gate Under unfavorable circumstances the nets agam contract into compact 
masses of cells Reproduction of the colomes is effected by division or by break- 
mg up mto small, slowly moving cell aggregates 
It IS not known whether the tabular colomes of Thtopedm toscg (Winogradsky, 
1888, p 85, photograph in Prmgsheim, 1932a, p 481) move like those oiMerismo- 
pedia (cf p 60), but IVinogradsky states that the cells of the former can scatter — 
perhaps in the same way as those of Holopedta? Another genus of Thiorhoda 
ceae, Amoebobaclor, of which three species have been recorded (Winogradsky, 
1888, p 71, cf also Skene, 1914, Lauterbom, 1915, p 424, Bavendamm, 1924, 
p 122, EUis, 1932, p 168) seems likewise to exhibit glidin g movements Ac- 
cordmg to Wmogradsky the cells of the colomes are jomed by mvisible proto- 
plasmic strands, although Lauterbom (1915) could find no mdication of them 
The ceUs are described as globular or ovoid and as capable of altenng their shape 
(EUis, 1932, p 168) The colomes slowly change their appearance as the cells 
become closely approximated or separate from one another Movement due to 
elastic threads seems to be merely a hypothesis of Winogradsky’s, but there is 
also no real evidence of ameboid movement It is more likely to be of the same 
mysterious nature as that of other ghding organisms 
If the occurrence of ghding movements m Thtopedta, Thiodictyon and Amoebo- 
bacter be confirmed by further observations, there would be two mdependent 


groups of Purple Bacteria, viz , I Rhodopseudomonadaceae with the subfamilies 
Athiorhodeae and Thiorhodeae, differmg m the deposition of sulfur outside or 
inside the cells, and m the abUity of the latter to hve autotrophically, II Amoc- 
bobactenaceae, sharing with the Thiorhodaceae the storage of sulfur, but await- 
mg mvestigation as regards their pigmentation and mode of nutation The 
latter family would perhaps be related to the Cyanochlondmae 
The Purple Bacteria would thus appear as a mere physiological group com 
pnsmg unrelated forms, although they are not spread over the whole of the Bac 
tena, as Mohsch (1907, p 26) suggested would be the case if they were not de- 


fined as a natural group charactenzed by its pigmentation 
^ Spirochaetae Cohn (1853, p 132) says ‘Just as the colorless Syirochada 
pUcatilts was found to correspond to the blue-green Spindtna, although hvmg 
only m putnd infusions, so, by mvestigatmg fermenting fluids, other forms am 
encountered which, though unpigmented, have their nearest relations amende 
algae ’ The parallelism between Spindtna and Spirochaeta has often smee 
discussed, without findmg many advocates The differences, apart from t a o 
pigmentation, customarily stressed are (1) Spirochaeta is ' 

multicellular, (2) Spirochaeta has an axial cord, Spiruhna kcks it, (3) 
ckaeta is flexible, Spirulina ngid, (4) some SpirochaeUie swim freely, while p 
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lina, vrhen moving, always adheres to some sohd surface Most of these matters 
cannot be fully discussed, because the investigation of these small organi sms , and 
particular^ of the dehcate spirochaetes, has not so far yielded sufiBcient evidence 
(Toplej’’ and Wilson, 1946) 

The multicellular structure of some of the smaller species of Spirvhna is not 
conclusively estabhshed The neutral red stam used for this purpose does not 
give clear results A filament may displaj’’ a row of chambers without bemg 
multicellular m the stnct sense The distmction between Spiruhna without, 
and Arthrospira with cross-walls is m doubt The groupmg of the smaller species 
as {Eu-)Spiruhna, and the wider ones as Arthrospira suggests that the recog- 
mtion of cross-walls depends on the width of the tnchomes (Schmid, 1921 , Crow, 
1927) Moreover a cellular orgamzation has not the same significance m Myvo- 
phyceae as it has m other algae (cf pp 53, 66) 

Dyar (1947, p 491, fig 17, p 489) has demonstrated axial cords m Spiruhna 
and gives reasons for regardmg them as artefacts They are moreover not al- 
ways found m Spirochaeia, not even m electron micrographs (Morton and Ander- 
son, 1942, van Thiel and van Iterson, 1947), so that some at least of the older 
claims seem to be founded on mismterpretation 

Flexibihty is an important characteristic which must be discussed m some 
detail In its relation to ghdmg movement, it is not only an essential distmction 
between Spirochaeta and Spiruhna (Zuelzer, 1910, 1911, p 45), but also has some 
bearing on the general question of possible relationship between Bacteria and 
Mjrsophyceae Although frequently mentioned m this connection it does not 
seem that fiexibihty has ever been properly defined If it meant merely habihty 
to change of shape as a result of external forces, it would be identical with ph- 
abfiity which is inherent, though m various degrees, m any phj’sical body 
Spirillum, for instance, is supposed to be ngid, but long spirals are easily de- 
formed by traction (Hama, 1933, pp 137/38) Zachanas (1903 b) descnbes a 
large Spirillum {Pseudospinllum uhginosum) as flexible, while SweUengrebel 
(1909, p 548) and Meirowsky (1914, p 61) sometimes observed m Spirillum 
flexibflity like that of Spirochaeta Such spiral organisms, apart from their 
phabihty, show also a certain degree of elasticity ‘The spirals of Spiruhna 
can be drawn out until the thread is almost straight, but take on their previous 
form, when the tension is released’ (Fntsch, 1945, p 788) 

If therefore the descnption of an orgamsm as flexible is to have any signifi- 
cance, it can only mean that the body is especially liable to alter its form, either 
as a result of outer mechamcal influences, or owmg to the operation of mtemal 
forces The second alternative which is apparently that assumed by most 
writers, not only on spirochaetes, but also on motile M5n:ophyceae, should be 
termed active flexibihty 

Oscillatona and Beggiatoa, for instance, give the impression that them tnchomes 
are markedlj’’ flexible When a mass of tnchomes is transferred to a drop of 
water under the microscope, the loops and tangles caused by the surface tension 
of the water commence to straighten out, with the tips of the tnchomes radiatmg 
m all dmections, them curved ends exhibitmg the well-known rotation Threads 
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still m close pro-omity creep along one another and between particles of dfibns 
apparently evading obstacles and foDowuig an outward path by active flexible 
movement On closer inspection, however, it is clear that the straightening 
out of curvatures and loops is caused by elasticity, while bending to evade ob- 
stacles IS due to passive phabihty, as already stated by Correns (1897) and Kolk 
vratz (1897) 

It seems to have been overlooked that the flexibihty of Spirochaeta may per 
haps be brought about by the sa m e causes The body is much narrower and 
much qmcker m its movements It turns m various directions at frequent in- 
tervals, the movement is characteristic for its restlessness and accompanied by 
strong bendmg or often even coding, but that does not necessarily mean that its 
flexibdity is really 'active' Changes m direction may be caused by differences 
m external fnction or by mmute obstacles, and not by unequal internal forces 
operating on different sidra The unpredictable 'laahmgs about’, which have 
impressed many observers, may be the result of the impact of imperceptible 
external impediments on an organism whose shape is readdy transformed, and 
which partly adheres to the glass or other substrata The difference m behavior, 
e g , between Spindina and Spirochaeta would then merely be such of degree 
and not of the nature of the movement, and mainly due to differences m width 
and ngidity As an illustration one may compare the mechamcal properties of 
a narrow, elastic, closely coded wire with those of a wider, less closely coded one 
The former would easdy bend m any direction, even through the unpact of a 
stream of aur, which woidd apparently not affect the latter 
Whde such a conception woidd not account for the ghdmg itself, it would help 
to explain the differences in the mode of motihty of the two organisms The 
question of course arises whether there is never any doubt as to the reference of 
a certam specimen to one or other genus The deciaon is mostly easy, although 
Spindina and Spirochaefa have so much m common that a general and funds 
mental difference is dififlcult to define, and this sundanty is demonstrated by the 


existence of forms of doubtful affimty 

Lagerheun (1892) desonbed two species of Glaacospira which, he thought, 
rendered the relation between Spindina (Gomont) and Spirochaeta (Ehrbg) a 
certainty These forms possess the charactenstics of Spirochaeta, but are blue 
green They have narrow cods and form secondary spirals, so characteristic of 
spmochaetes The organisms show hvely to and fro movements, whde, without 
apparent reason, the direction of movement suddenly becomes irregular, wi 
almost spasmodic bendmg to different sides like a wounded snake’ That is 


]ust what IS observed in Spirochaeta 

Dobell (1912) suspects that the bluish tmt was the result of poor optiwd e^p- 
ment, but this is not likely to be so Such dehcate organisms, the otiIs being 
only 2 M wide, could scarcely show color mdividually, so that Lagerheun m 
have judged it by that of massed cells However that may SImja t i 
n 48) desenbes an oiganism which he regards as identical with tha o ^ 
Lm altTugh It IS Sorless It is stated to axbibit the kind of mov^^t 
Lractenstic of Spirochaeta so that it is not altogether clear how it is distm 
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guished from that genus The descnption and figure (pi I, fig 5) show a form 
verj'- similar to Spiruhna tenuissima No final judgement is possible untd 
Lagerheim’s and Skuja’s forms are found again A colorless Spiruhna, with 
narrow coils, has ahead}’ been found by van Tieghem (1880) who descnbes it as 
hyaline without bemg a Spirochaeta 

5 Myxobacieria The Myvobactena resemble many Eubactena m shape 
and size, while then movements show some similanty to those of M}wophyceae 
Those M}T:obactena that were first discovered differ from both groups m pro- 
ducmg pecuhar frmtmg bodies Stamer and van Niel (1941, p 464) m them 
discussion of bacterial classification, refer the M}wobactena, together with the 
Eubactena and the Spirochaetae, to the Schizomycetae which removes them 
rather far from the Myxophyta (M}wophyceae) John (1924, p 104) regards 
the Myxobactena as apochlorotic Myxophyceae, a suggestion which does not 
seem to have been taken senously by most authonties, although there is much 
that speaks m favor of this new 

The facts enumerated by Jahn m support of a relationship between M}’xo- 
bactena and Myxophyceae are few He mentions as common to both the soft- 
ness of the cell waU, the lack of a defined nucleus, the storage of glycogen, and 
the kind of movement which he regards as most important OscUlaiona is 
considered unsmtable for companson, because here the motion of large multi- 
cellular tnchomes leads to a special orgamzation which is also mdicated by their 
rotation This is lackmg m the Myxobactena, but also m the hormogonia of 
Nostoc, Anahaena and Cyhndrospermum (Harder, 1918) For Jahn the decisive 
fact is the existence of forms mtermediate between Myxobactena and Myxo- 
phyceae, namely small umcellular blue-green species he found on moist soil 
and whose movements he descnbes as very similar to those of Myxobactena 
Accordmg to him such Myxophyceae repeat the kmd of movement, the muci- 
lage-exudation and the colony-formation of M}wobactena He was unfamiliar 
with the non-fnutmg forms which show still greater similanty with certam Chro- 
ococcaceae Geitler (1925, p 172) rejects Jahn’s view because no swarm-forma- 
tion IS found m the relevant Myxophyceae, although closer observation may still 
reveal it, while Stamer and van Niel (1941, p 452) regard Jahn’s claim to have 
observed creepmg movements m umcellular blue-green algae, if substantiated, 
as providmg strong support for his hjrpothesis Such movements have m fact 
been repeatedly recorded, also by the present wnter (cf p 60) so that there is 
no doubt as to the correctness of Jahn’s statement Microcy st formation, which 
IS probably found m all My-xobactena, but is lackmg m Myxophyceae, is, how- 
ever, another reason against a close relation between the two groups 

Soriano (1945) restncts the order Myxobactenales to those Myxobactena 
which possess fruitmg bodies, while the non-fnutmg forms, together with the 
Beggiatoaceae, are classed m the new order Flexibactenales, which comprises 
the two famihes Flexibactenaceae and Qytophagaceae This classification is 
unnatural m two respects The structure of the vegetative cells and the formation 
of microcysts are common both to the frmtmg and non-fnutmg hlyrxobac- 
teria, while m the Beggiatoaceae the structure and arrangement of the cells is 
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(Merent Md nucrocysts axe lacking Sonano’s separation of the cellulose- 
^tac^g Myxobactena as the family Cytophagaceae from the remainder, the 
hlexibactenaceae, lays far too much stress on a physiological feature of doubtful 
significance Where, for instance, should one then class Stamer’s (1947a) 
chitin-destroymg Cyiophagaaf Stamer (p 313) rightly says ‘if these organma 
reaUy comprise as large and vaned a group as appears to be the case careful 
thought should be given to the selection of significant, mutually exclusive differ 
ential characters ’ He also emphasizes the difficulty ansmg from the complexity 
of biochemical properties m an attempt to use them for taxonomic purposes 
A Qytophaga may be able to decompose cellulose but also to hve on glucose 

A closer affimty of the Myxobactena may exist to the Vitreoscillaceae than to 
umcellular Myxophyceae (cf p 70) Some species of VxtreomUa, m the readi 
ness with which they dissociate mto short filamentous fragments and single 
ghdmg cells, as well as m their low refraction, seem to be more like Myxobactena 
than like Beggiatoa They might even, m spite of the absence of microcysts, 
be regarded as filamentous counterparts of the Myxobactenaceae, as the Os^ 
tonaceae are the filamentous counterparts of the Chroococcaceae, provided that 
additional evidence m support of this view were furnished by further mvestiga 
tion 

In this connection it is of mterest that there are oTgamsms resemblmg Myxo- 
bactena but capable, like many Eubactena, of fonrung multicellular tnchomes, 
they have been isolated m pure culture Garrgobst (1945) obtamed such a 
Myxobactenum, which she called Cytophaga columnam, from diseased fish, 
this grows well on peptone agar and m hquid media, is stnctly aerobic and pro- 
duces a carotene pigment which turns blue with sulphunc acid It utihzes 
neither glucose nor lactose The filaments may attam a length of more than 
160 n, forming almost mycehum-iike colomes on agar (p 124, fig 6) , microcysts 
were not found Stamer (1947a, p 314) proposes the name of Flexibader for 
myxobactenal forms capable of growing m the absence of carbohydrates, and 
Cytophaga for those requiring them Gamjobst’s species should then be called 
Flexibader columnans Stamer is probably nght in not attachmg much im- 


portance to the presence or absence of microcysts 
I have repeatedly isolated a similar organism on agar plates xvith 0 05% yeast 
extract from decaymg plant residues and from cow dung It exhibits two growth 
forms, sometimes spreading like a mycelium from the place of inoculation, at 
other times bemg denser with fringed edges and closely resembling Cytophaga 
as shown by Stanier’s photographs (1947a, p 310) The spread over the a^r 
is readily influenced by small differences in moisture The filamentous stran 
on agar are composed of thm rods which separate m mountmg a preparation, 
while the appearance of turbidity in hqmd media is due to the presence of irr^ 
larly bent filaments reachmg 50 /x m length and exhibitmg the slow, mterrupt^, 
hesitatmg mmpients characteristic of Hjoiobactena, as well as of umcelluiar 
pigmented and\ olorless Myxophyceae and of TitreosciUaceae 

In its nutntive reqmrements and the production of an orange pigmen 
mon orgamsm resembles Flexibacter columnar^, but it differs from i m i 
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parent non-pathogemc character and m producing microcysts Smce the latter 
were only found m a few old hquid cultures, they may have been overlooked by 
Gamjobst, although microc 3 'sts are stated to be lackmg m a number of other 
Mj-Aobactena (Gamjobst, 1945, p 126) and were never found m the Vitre- 
osciUaceae 

These filamentous Mj^obactena share with the '\’itreoscillaceae the ghdmg 
movement, the low refraction, the appearance of the growths on agar, the kmd 
of nutntion, and m part the production of carotenes Whether th^ are really 
nearly related can only be estabhshed bj" further mvestigation 

V DISCUSSION 

From the consideration of facts given m this review, it emerges that there is 
no affimty between Bacteria and Myvophyceae A similar opmion was ex- 
j. pressed long ago by Chodat (1909, p 135) ‘ il devient de moms en moms 
probable que ces deux classes (Schizom 5 ’-cbtes et Schizophjdes) soient rfeUement 
parentes Les deux groupes se ressemblent probablement bien plus en vertu 
de ph&iombnes de convergence, que grice h une rfele aflfimt^ naturelle ’ While 
this view was based on the differences m cell structure (cf p 54), Geitler (1934, 
p 185) seems to be impressed mainly by morphological differences when he says 
'Da die positiven tJberemstmimungen im femeren Zellbau andererseits mcht 
sehr gross smd, lasst sich auch die Auffassung der Blaualgen als eigener Pflanzen- 
stamm (Cyanophyta) vertreten ’ He is of the opmion, however, that the Tncho- 
bactena may possibly have a closer affimty to Myxophyceae than other Bactena, 
a pomt of view discussed above (p 77) It does not lead us any further to admit 
that the two classes may perhaps have an extreme^ remote common ancestry 
because even of this there is no real evidence 

The denial of any relation between Bactena and Myxophyceae apphes to the 
bulk of the former, which are called Eubactena m treatises deahng with the classi- 
fication of the class It may be doubted, however, whether the Eubactena con- 
stitute a natural group, and then subdivision mto three or more mdependent 
classes will probably become necessary None of these would serve as a bndge 
to the Myxophyceae, although the Myxobactena have the ghdmg movement m 
common with them, but they have nothmg to do with true bactena 

The reasons for and against an affinity between Myxobactena and M 3 'X 0 - 
phyceae have been discussed m detail (p 85) The evidence speaks agamst a 
close relationship, but a common ongm is qmte possible It is mdicated by the 
kmd of movement which suggests a similar cell organization Moreover Myxo- 
bactena and Myxophyceae are connected by way of the Beggiatoaceae and the 
VitreosciUaceae Certam of the latter show resemblances to Myxobactena, 
while others are more like Beggiatoaceae and may therefore prove to be apo- 
chlorotic Myxophyceae The VitreosciUaceae seem, however, to be a natural 
group differmg from the majonty of the Mswobactena m then pronounced fila- 
mentous habit, and m the absence of the microcysts characteristic of the latter 

These considerations bnng one to the borderhne of mere speculation, but one 
may be tempted to sketch, though only m dim outlmes, two very large groups. 
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thM of the ghding and that of the swimming orgamsms, neither of which can be 
postulated as more ancient than the other The former mclude the Myxo- 
phj'-ceae, the Myxobactena, the VitreosciUaceae, the Spirochaetae, while Ehodo- 
phyceae, Desmids and Diatoms, which also exhibit ghdmg movements brought 
about m different ways, do not belong here m view of their advanced cell-organi- 
zation The only classes contaimng members exhibitmg both swimming and 
ghdmg movements, are the Chrysophyceae and the Euglenineae, and it is ob- 
vious that they have nothmg m common with the Mjxophyceae Ghding move- 
ment m general presupposes a special cellular organization, namely soft mem 
branes differmg from the cell walls of Algae and Bacteria, and filaments with 
mterconnection of cells by way of the septa, which are not true cross-walls and 


permit coordination between the cells, but resultmg m death when part of a 
tnchome is m^ured 

Swi mmin g organisms possess flagella (or ciha) and the presence of these or- 
gans of locomotion cannot m general be regarded as a taxonomic character, 
smee they are found m groups with no obvious afiBmty to one another Bacteria, 
SpirochaetaeC?), Chrysophyceae, Xanthophyceae, Phaeophyceae, Diatoms, 
Ghloromonadmae, Euglenineae, Chlorophyceae, Charophyta, Bryophyta, Pten- 
dophyta, Gymnospermae, Myxomycetes, Phycomycetes, and Flagellata of doubt- 
ful affimty, as well as Ciliata and most other animals mcludmg Mammalia 
Unless one assumes a polyphyletic ongm for flagellar locomotion, all the Flagel- 
lata and their descendants must be denved from remote common flagellate 
ancestors, from which the Bacteria, most Algae and Fungi, and other plants, as 
well as ammala have descended, or alternately the Bacteria mi^t stand near 
the ongm of the majonty of hving organisms There is, however, no clear con- 
nection between flagellate Bacteria (Holoplastideae) and other flagellate organ- 
isms (Euplastideae), such as Flagellata, Cilrnta, etc , while the evolution of vari- 
ous classes of Algae from flagellates is widely accepted 
For the tame being there is insufficient basic knowledge, even of relatively re- 
stneted groups like the Myxobactena, Vitreoscillaceae and Myxophyceae on the 
one hand, and of the true Bacteria on the other, to justify the utilization of the 
mode of locomotion on a broad scale as a diagnostic character for taxonomic 
purposes, for which it might well became useful m future The scanfy evidence 
available for assessmg relationship could probably be supplemented by cyto- 
logical details brought to hght by improved staining methods, and with the help 
of the electron microscope, as well as by better biochemical charactenzation of 
the nature of the relevant cell constituents, cytoplasnuc, nucleoproteid, etc , 
mcludmg serological tests The latter have been somewhat discredited br thw 
uncntical apphcation m certam quarters to problems of taxonomy Far-reac - 
mg conclusions cannot be expected to be trustworthy, if the same techm^e is 
apphed for large groups as has proved to be valuable m the comparison of close y 
related forms Modem methods of extractmg specific proteins and other com- 
pounds of high molecular wmght may eventually afford the clue to the pro ems 

affinity between true Bacteria and Myxophyceae cannot be nc 
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cepted, there still remains the problem of the relation between pigmented and 
non-pigmented forms of comparable orgamzation This mvolves the question 
which bactena-hke organisms should be considered as apochlorotic Mjrxophyceae 
and which as Bacteria It is possible too that present-day Bacteria mclude 
apochlorotic Myxophyceae which stiU await detection although this is so far 
only a hypothesis 

When two sets of orgamsms differ m the presence or absence of photosynthetic 
pigments, but are otherwise similar m all essential respects, the phenomenon is 
usually explamed as due to a phylogenetic connection between the two Pig- 
ment can either have been lost or have been acquired, after the prmcipal char- 
actenstics of the orgamsms had become fixed The pigments of the chlorophyll- 
group possess complex chemical structures and, together with other pigments, 
form a photosjmthetic S 3 ^tem which is mostly located m special parts of the 
C 3 de>plasm The whole mechamsm is too comphcated to have developed more 
than once m the same way The Purple Bacteria and the Green Sulphur Bac- 
tena (cf p 80) differ m this respect from the majonty of photosynthetic organ- 
isms, and this mdicates that they belong to an mdependent hne of evolution 

By contrast loss of the photosynthetic apparatus can easily be supposed to 
have occurred m vanous instances, provided that the organisms concerned were 
able to survive the change m nutation, owmg to their possession of other means 
of acquumg food 

In considenng the general relation between Bactena and Myxophyceae the 
question whether colorless or pigmented forms of similar construction are pn- 
mary can only be put if the orgamsms m question are clearly related It can 
therefore only be propounded with regard to those ‘Bacteria’ which can be defi- 
mtely recognized as apochlorotic Myxophyceae, i e , Beggiatoa, Thioploca, Thto- 
thnx, Achromatmm, VitreosciUa, etc 

Benecke (1912, p 243), when discussmg the relation between certam Bactena 
and Myxophyceae, leaves the question of ongm open ‘Which are the more prum- 
tive, colorless bactena or pigmented algae, is a question about which one can 
dispute to one’s heart’s content, as no thin g certam is known ’ Stamer and van 
Niel (1941, p 450) saj'’ ‘Thus is seems at least possible that the pnmitive blue- 
green algae of the Chroococcus type have developed from the Eubactenales as a 
second photosynthetic hne’ (apart from the Purple Bactena) Even if the possi- 
bihty of such an afifimty were accepted there is m the data they give httle evi- 
dence of the direction of the evolution 

Van Niel (1944, pp 80 et seq ), m attemptmg to detenmne the taxonormc 
position of Purple Bactena, cites the relation between Elagellata and Algae and 
their colorless counterparts, as a parallel to that between pigmented and un- 
pigmented Bactena The Purple Bactena are, he states, ‘polarly flagellate’ 
(cf , however, p 81), ‘they fall m the morphological f amil y of the Pseudo- 
monadaceae, and represent the pseudomonas, vibno, and spinUum types, re- 
sembhng completely the non-photosynthetic members of these tabes ’ He m- 
cludes therefore all pigmented bactena m the order Pseudomonadales Smce 
the transformation ‘from pigmented to non-pigmented forms’ (of algae) Tmt 
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not tie opposite, has been expenmentally achieved, it appears more logical to 
consider the purple bactena as the progenitors of the corresponding non-photo- 
synthetic bacteria’ (so already Delaporte, 1940) 

There are some more conclusions which were not drawn by van Niel If 
photosyntietic bactena are more primitive than colorless ones, they must have 
acqmred theu pigments before morphological diversity had developed The 
mam evolution of the pigment-free Pseudomonadales, up to the Chlamydo- 
bactenaceae, would have taken place after the loss of pigments, and they would 
not be related m any way to the rest of the true Bactena which must have had 
a different ongm The gap would be so wide as to spht the ‘Eubactena’ mto two 
groups which would better be considered as mdependent classes of the same 
status as the Myxobactena for instance and might be called BaciUales and 
Pseudomonadales The resemblance between the two would be the result of 
convergent evolution The Bacdlales are less homogeneous than the Pseudo- 
monadales, the position of the Coccaceae remains undecided owmg to doubts on 
their homogeneity, while the Myvobactenales are agam an mdependent class 
Van Niel’s conclusion as to the ongm of colorless bactena is based on a com- 
parison with what 13 known to occur m other groups The direction of evolution 
m these is mdicated by the scattered occurrence of unpigmented forms among a 
majonty possessmg a functiomng photosynthetic apparatus (Pnngsheun, 1941, 
p 193) Apochlorosis has clearly ongmated here and there m a small number of 
taxonomic groups which, by virtue of their special modes of nutntion, were able 
to survive the loss of assimilatoiy pigments 
The same conclusion can be drawn for colorless Myvopbyceae That is the 
answer to Benecke’s question, while the one propounded by Stamer and van 
Niel remains open until umcellular colorless forms are found, which m confor- 
mity with their concept, are bactena-hke, non-motile, coccoid and gram nega- 
tive, and which may be suspected with some justification to be derived from 
Chroococcaceae, although they are not recognised with certamly as such any 
more Whether, e g , a four-celled ‘colorless Chroococcus’ mentioned without 
details byBavendamm (1924, p 45) belongs here, cannot beascertamed Mem- 
bers of the Achromatmceae would not be of this nature, smce they are recogmz- 
able as apochlorotic Myxophyceae by their kmd of movement Gonococcus 
and Meningococcus are probably too far modified by parasitism to come mto 
question The great majonty of Coccaceae can be ruled out because they are 
gram positive There is therefore no mdication that any member of the true 
Bactena has ongmated from Myxophyceae 


VI BOiniAET 

I The theory of an affimty between Bactena and Myxophyceae has recentlj 
been revived by regardmg the former as an apochlorotic offshot of the latter, an 


mterestme but controversml proposition 

n In order to clarify the position, certam aspects of bact^I tmxonomy 
revised By usmg aU available means of recogmzmg natural relationships ^ 
ci be Lded mto a aamber of ^dependent ekesee, .one of «b.eh 

could have evolved from Myxophyceae 
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in This conclusion is founded on a review of the vanous charactenstics of 
the M5'^ophyceae and a comparison of them with those of the Bactena Mor- 
phological similanties appear more probably to have ongmated bj’’ convergence 
and afford no evidence of descent from a common ancestry The pigmentation, 
where present, is different, the C 3 'tological and physiological characteristics are 
not altogether comparable, motile Bactena swim freely, while Myvophyceae 
ghde along sohd surfaces Some so-called Bactena, which do not display the 
usual charactenstics of true Bactena, can be shown actually to be pigment-free 
Myxophyceae 

W Apochlorotic M5'xophj’'ceae, which are reviewed m some detail, are more 
numerous than is generally beheved Among accepted M3’xophyceae there are 
very few apochlorotic species and these m part are doubtful, but Beggiaioa m aU 
its charactenstics shows a close relation to Oscillatona, while Thioihnx and 
Achromatium can also be recogmzed as colorless Myxophyceae A number of 
other pigment-free forms have been discovered (and some of them grown m pure 
culture) which, by their ghdmg movements and other features, can justifiably be 
grouped among apochlorotic Myxophyceae 

V Other bactena-hke orgamsms which, for one reason or another, have been 
suspected of bemg related to M3Tcophyceae, are discussed m this connection 
Certam green and purple bactena, spirochaetes, and m3n:obactena have at least 
the charactenstic of ghdmg movement m common with M3T:ophyceae, while the 
remamder belong to the Bactena proper 

VI The t3ipe of movement as a taxonomic character is discussed and supple- 
mented by other features so that some progress towards a more natural classi- 
fication is reached Problems connected with the direction of evolution from 
pigmented to colorless organisms are discussed 
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“What IS one man’s meat is another man’s poison” (1) is demonstrated daily 
m every medical chmc Although chnical observations as well as general im- 
pressions suggest that optimum nutation commonly aids resistance, our knowl- 
edge of nutation is still too fragmentary to give an adequate statement of 
“optimum nutation” for persons hvmg under markedly diverse conditions “from 
Greenland’s icy mountams to India’s coral strand,” and our knowledge of the 
factors mvolved m resistance seems even less complete Even though we can 
suggest diets for vanous hvmg conditions with a fair degree of success, the world 
18 far from providmg even an approximation of these diets to imihons of the 
members of our family hlalthus is ridmg hard and fast with all four of the 
horsemen of the Apocalypse 

It IS recognised that what appears to be abundant health under apparently 
admirable hvmg and dietary conditions, does not protect agamst the common 
diseases of childhood, measles, chickenpox, or mumps, nor agamst many diseases 
of adult life such as the common cold and influenza 111 health and poor nutation 
do, however, appear to mcrease the mcidence of such diseases as rheumatic fever 
and tuberculosis 

* This review sterna from a “Round Table” held at the annual meetings of the Society 
of American Bactenologiata at Mirmeapolia, May 1948 

Cyrus P Bamum, Jr and David Glick, both of the Department of Physiological Chem- 
istry of the Umversity of Minnesota Medical School took part in the discussion but did 
not present papers and are not therefore involved in this review 

Paul F Clark was the convenor of the “Round Table” and tins served as editor of these 
papers 
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What then la the evidence pertaining to the influence of nutntion on suscepti 
biliiy or resistance in the more adequately controllable expemnental infections? 
We shall interpret the term nutrition quite broadly, to mclude not only the 
utihzation of connnonly recognized foodstuffs, but also any chemical compounds 
which are known to affect cellular metaboli^ Our consideration will neces- 
sarily be incomplete and devoted chiefly to the results of recent studies With 
surprise at our own tementy m tackling so complex a problem, may we suggest 
certam "ground rules” which we would lay down for ourselves and which wo 
should hope might be followed fay all persons workmg m this field 

1 The fundamental importance of the genetic constitution both of the host and 
of the parasite have frequently been overlooked, we would stress the necessitj 
of considenng these genetic factors m most animal experimentation We 
would suggest that universities combine m buddmg up stocks of all the 
common experimental species of known genetic constitution Each animal 
would cost more but the quahty of the results would be markedly unproved 

2 The choice of expenmental model is always difficult and never free from 
objection A disease spontaneous m the species under study is usually 
preferred, frequently, however, if the parasite from man can be transferred 
to another species with the production of a disease somewhat similar to that 
in man, this becomes a favored model, for example, Lansmg strum poho- 
myehtis in mice 

3 The natural portal of entry can rarely be employed although if possible it 
is preferred over an artificial route Frequently the route chosen must be 
highly artificial involving more or less trauma The results from different 
routes of mjection may be compared, but never directly 

4 In deficiency experiments, basal rations of known chemical composition 
should be used if possible, with varying levels of the particular component 
under study and with especial attention to an adequate mtake of all essential 
factors except those deliberately restneted With low levels of the factor, 
possible competition between host and parasite must be considered 

5 Not infrequently, the animals on experiment are suffenng from complex 
deficiencies, dehydration, etc , at the tune of the challenge infection The 
distmction should be mamtamed between mamtion, a quantitative depletion 
due to mgestion of an insufficient amount of an otherwise adequate diet, and 
malnutntion in which the caloric mtake may be adequate but quabtatively 
a deficiency of one or more essential dietaiy components exists 

6 Age, weight, sex, segregation of fatter mates, physical condition of the cages, 
bkehhood of coprophagy, vanation m mtestmal flora, temperature im 
humidity of the laboratory should be and usually are well appreciated at e 


7 

8 


resent time , 

kmsideration must be given to reports on dietary influence on pro 

mthesis, antibody fonnation, phagocytic activity, etc 
lamfestly, experimental groups of animals should be sufficiently ^ 
rovide statistically mgnificant figures A consistent tendency m 
t^bHat senes may, however, be even more convmcmg 
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9 Uninfected animals on the deficient diet and a group injected with the un- 
inoculated medium or normal tissue arc controls too frequently omitted 

10 Smce nutntion studies commonlj' extend over a long penod, the virus or 
other parasites should as far as possible be frozen, or frozen and dned m 
quantity to serve as a basis for fresh matenal in the contmumg expenments 
Too many alterations m inrulencc or other characteristics may occur if 
senal passage virus or repeated transfer cultures are employed 

THE GENETIC BABIS OF NUTRITION EFFECTS IN NATURAE RESISTANCE TO INFECTION 

Howard A Schneider 

In the underst-andmg of how nutrition may influence an infection, we are, I 
beheve, all agreed that nutrition is logically considered an environmental factor, 
and by mtroducmg the necessity of dealmg with genetic constitution, or the 
influence of heredity, those tired and venerable ghosts which plague every biologi- 
cal banquet. Heredity and En\aronment, immediately nse to their feet It is 
our purpose, if possible, to show that these are not tu o antagonists, but only two 
aspects of a smgle phenomenon, the Natural World 
First, may I present evidence which leads us to begm a discussion of nutntion 
with facts about genetics In the natural world infectious disease is a population 
problem As our methods of study have improved we have become mcreasmgly 
aware that the pathogens, like the poor, are with us always It is also true, and a 
matter of direct observation, that when infectious disease makes it appearance, 
only certam members of the population are affected while others, m apparently 
the same circumstance, remam unaffected Why is this so? The experimental 
epidemiological studies of Topley, Greenwood and Wilson m London and Webster 
m New York answer this question m part Usmg herds of mice and natural 
diseases of mice these two groups sought by duect experiment to unravel the 
events m epidemic phenomena The London School made many important 
contnbutions which it would be an impertmence to cite here m view of the de- 
tailed summary that group has published (2) Our present necessity, however, 
may drive us to say that, by and large, the London School concerned itself with 
the epidemiological consequences of the spatial and temporal arrangements of 
hosts and pathogens, and then studies demonstrated the important influence on 
epidemic disease of such factors as population densities, host immigration rates, 
the assembly and dispersal of herd umts, etc This spatial-temporal analysis, 
although It helped to formulate, and demonstrated experimentally, certam 
epidemiological concepts, did not, m my opinion, fully answer the fundamental 
question of the diversity of disease response m an exposed population It was 
Webster who successfully faced the question of survivorship and made an analysis 
which apphes here Why, m these herds, did certam mice die and others hve? 
Is it because of unequal dosage and hence different nsks of exposure? No 
Webster showed that identical doses, directly admuristered, produced the same 
diversity m disease effects (3) Is it because some mice first encountered, by 
chance, a "small immunizmg dose” and thus were able to survive the subsequent, 
larger, average dose expenence of the herd? No Hi direct experiments with 
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mice and mouse typhoid Webster (4) was never able to demonstrate the rcalih 
of the “small immunizing dose ” (For an opposite view see Greenwood dal 2 ) 

Webster turned to the hiniothesis that the vanation m the disease response 
was due to variation among the mice This is a fundamental recogmtion that 
the descnption, “a herd of mice,” is an madequate one to be apphed to the host 
m experiments m infectious diseases But if the mice varied, what was the 
cause of that variation? Heredity? Environment? 

W ebster elected to examine the case for heredity By mbreeding and selecting 
from a common stock of mice he was able to extract two strains of mice which 
were widely divergent m their response to infection with Salmonella entenlidii, 
one stram exhibitmg almost complete survivorship, the other almost complete 
mortahty (6) By performing this basic operation of the geneticist, mbreeding 
and selection, Webster was able to arrange the hereditary material and perpetuate 
stocks of mice which were, from generation to generation, predictably resistant 
or susceptible, i e , resistance and susceptibihty were capable of bemg brought 
under genetic control Tested under herd conditions, by assemblmg herds of 
different percentile compositions of these two stocks, these relationships held 
true Resistant stocks survived and susceptible stocks died (3) 

We must bear m mmd the operation, mbreedmg and selection, wbch was 
performed to obtam these stocks Those finally obtamed serve to demonstrate, 
not that resistance and susceptibihty are always or necessarily under genetic 
control, but rather that, if we do as the geneticist does, we may bnng them under 
control which we label genetic 

In later work, Webster showed that resistance or susceptibihty to mouse 
typhoid was mdependent of resistance or susceptibihty to a second experimental 
infection, St Louis encephahtis (6) This independence made possible the 
arrangmg of four different stocks of mice lUustrsting the four possible combine 
tions of resistance or susceptibihty to two different diseases The status of 
these stocks is evident from tests performed m 1942 (7) and presented here m 
table 1 I beheve that this demonstration decisively demohshes any notion we 


might have of resistance, as an attnbute of “health,” to all infectious diseases 
In one and the same animal we may have resistance to one disease and sus 
ceptibihty to a second disease 

We have emphasized that the demonstration of the genetic factor does not 
thereby exclude the operation, and even importance, of other factors We must, 
however, grant genetics a position of primary importance and we mamtam t 
this fact is frequently neglected m experimental studies The long time operation 
of the selective effects of disease tends to drive the control of these events into 
the genn plasm, so to speak, and thus to escape the vicissitudes of the environ 
ment If, by evolution, this process is complete, we recognize the fail aeemp » 
and do not waste our energies further We are not, for example, ^ 
effect of nutntion on the occurrence of blue or brown eyes, or of blood 8^° P 
In the case of the infectious disease, the wide range of variation so often m 
the disease response mdicates, I beheve, that the evolutionary process is stm 
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progress Therefore, we need not throw up our hands and resign all to the 
geneticist But neither should we ignore the fact that at least some of the evo- 
lutionarj’^ process has preceded us m time No, if there is any hope that the slow 
gnndmg mill of evolution has not yet groimd all the meal, we must recognize 
that as nutritionists, as environment ahsts, we must deal with the situation as 
genetics has left it at this spot m evolutionary time This is why genetics 
occupies so pivotal a position among the biological sciences 
Before we leave this bnef descnption of the role of genetics m infectious dis- 
ease, I should like to mention that whenever the mfluence of genetics has been 
analyzed m human populations ivith appropriate techmques, its role has been 
made endent This is true for infectious disease of such diverse etiology as 
leprosy (8, 9), rheumatic fever (10, 11), pohomyehtis (12), and tuberculosis 


TABLE It 

Surmvorshtp of tnbred strains of mice selected for resistance or susceptibility to infection with 
S cntentidts or St Louts encephaltits virus 


DESCRIPnON or STRAIN 

STRAIN 

DESIGNATION 

TEST PATHOGEN 

NO OP VICE 
tested 
(in 1942) 

SURVIVOR 

SHIP* 

Bactena-resistaut, 

BRVR 

i 

S ententidis 

449 

fer unt 

92 

virus-resistant 


St Louis encephalitis 

606 

76 

Bactena-susceptible, 

BSVR 

S ententidis 

86 

2 

virus-resistant 


St Louis encephalitis 

98 

88 

Baotena-resistant, 

BRVS 

S ententidis 

287 

82 

virus -susceptible 


St Louis encephalitis 

619 

2 

Baotena-susceptible, 

BSVS 

S ententidis 

285 

2 

virus-susceptible 


St Louis encephalitis 

271 

3 


• Testing dose S ententidis, 5,000,000 by stomach catheter, St Louis encephahtis, 
10~® suspension of infected mouse brain, intranasally 
t Adapted from Schneider and Webster (7) 


(13, 14) One of the best of these studies is that of K al lma n and Reisner (14) 
m tuberculosis Table 2, taken from these authors, shows m summary form the 
effect of blood relationslup on tuberculosis morbidity as studied by the twm 
method These data comprise one of the most telhng arguments to brmg to 
our fuU attention the genetic factor m infectious disease For example, if one 
member of a twm pan- over 14 years of age develops chmcal tuberculosis, then the 
chances are 2-3 out of 10 that the other twm will develop tuberculosis if the 
second twm is a dizygotic co-twm, z e , non-identical But, if the twm relation- 
ship IS monozygotic, i e , identical, then the chances of the co-twm developmg 
tuberculosis rises to 9 out of 10 These are sobenng facts 

If we grant the fundamental importance of genetics, but are insistent that we 
ought at least try to examine the possible influence of nutntion, we can make a 
begmnmg by considering the vanous genetic possibihties, both for host and 







TABLE 2 

Tuherctdosts morhdily rates tn the twin index famtltes 



GENEKAI. 

POPCtA 


WELATION TO TUBEECUIOTTB IKDEI CAttl 


rOtrStTEEK 

TEAJtSOr 

AOS 

Husbands 

and 

wim 

Parent* 

HaU 

EibUnjs 

Fdl 

Biblinp 

DIrr 

totic 

cotvlns 

Moaoty 

fotic 

cotvla 

Number of oases 1 

Cases of tuberculosis 


14 

114 

4 

laR 

1 

19 . 1 

4S 

Rates of reference 

Unoorreoted 


226 

i 688 

42t 

m 


i 78 

Corrected 

— 

197 6 

676 

33 5 

634 

164 

55 

Morbidity rates 

Uncorreoted for differences in 
ago 

1 08 

6 2 

16 6 

9 6 

18 9 

18 3 

i 615 

Corrected (Wemberg method) 

1 37 

7 1 

16 9 

11 9 

25 6 

25 6 

j 873 


* Estimated for a popnlation m whiok the ratio of white to nonwhite parsons appron 
mates 6 1 

t All individnals above the age of fourteen 

Courtesy of K a llm a n , P J and Reisner, D , 1943, American Retnew of Tuberatlont, 
47, 549 



Host-Genoty 

3e 

Inbred, 

selected, 

resistant 

Rcmdom-bred 

(outbred) 

non-selected 

Inbred, 

selected, 

susceptible 

Pathogen - Genotype 

Uniformly 

virulent 

M-Pied 

S-Pjed 

M-Pied 

S-Pied 

M-Died 

S-Pied 

Mixed 

virulent 

and 

avipulent 

N-Stu?vived 

S-Survived 

» v: C 

»•* >•3 X ~~ 

ISf-SturWv^ 

Uietoucye^ect 

W-Pied 

S-Pied 

Uniformly 

avirulent 

N-5urvived 

S-Survived 

N-5urvived 

5 -Survived 

N-5urvived 

S-5urvived 


Fig 1 The effect of a natural (N) and a synthetic (S) diet on Burvivorship foUcwmg 


infection m mne different genetic circumstances 1948 Eastern 

From H A. Schneider, Transactions of the New York Academy of ifedicme, 1918 t-asi 
States Health Education Conference (By permission ) 
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pathogen, under -which nutntion might work If we do this (7, 15, 16), we find 
that we can distmgmsh three genetically different kmds (genotypes) of hosts and 
three genetically different kmds (genotypes) of pathogen populations Thus 
hosts are either (a) mbred (genetically uniform) and resistant, (5) mbred (geneti- 
cally uniform) and susceptible, or (c) outbred (random-bred, genetically heteroge- 
neous) and non-selected Pathogen populations are also composed either of (o) 
umformly -virulent particles, (b) uniformly a-nrulent particles, or (c) a heteroge- 
neous mixture of both kmds of infectious particles In these statements we can 
see the attempt to encompass the facts of genetic variation We can also see 
that host and pathogen can meet m 3 X 3 or nme different kmds of meetmgs 
In which of these circumstances can we affect the mortal outcome of the infection 
by mampulatmg the nutrition of the host? 

Before we attempt to answer that question, we are faced by the necessity of 
decidmg what kmd of nutritional mampulations we choose to make The 
number we have to choose from is enormous, but let us follow the histoncal 
precedent Let us mqmre whether m the gap between present day knowledge 
of nutntion and the world of natural foodstuffs there may axist entities which 
our tests -will reveal 

So if we compare (7, 15, 16) a diet of natural foodstuffs, whole wheat plus 
whole milk ivith a s 3 Tithetic diet which contams aU the desirable compounds 
•we know about, and make this comparison m the nme genetic instances we have 
discussed before, we shall have at least one answer to our question In figure 1, 
for mice and mouse -typhoid, this answer is presented I could go on to teUyou 
about this survivorship principle revealed m this nmth mstance, and failmg to 
be revealed m the other eight, how it is present m the germ of wheat and go on 
to hst its chemical properties as we have learned them thus far For the present, 
however, we are content to make this pomt — that m the field of infectious disease, 
nutrition of the host operates m a genetic framework and the area of its operation 
is definable as the area m which genetically heterogeneous hosts meet -with 
genetically heterogeneous pathogen populations 

THE INFLUENCE OP NUTRITION ON RESISTANCE TO EXPERIMENTAL INFECTIONS 
"WITH HELMINTH AND WITH PROTOZOAN PARASITES 

WtUiam Trager 

The experiments of Ackert, McUvame and Cra-wford (17) -with the mtestmal 
nematode Ascandia lineata of the chicken were among the first to mdicate a 
relationship between a specific dietary factor m the nutntion of an animal and 
the degree of resistance of the animal to an infectious agent When 7 week old 
chickens were placed on a diet deficient m -vitamm A, they showed defimte signs 
of deficiency 3 weeks later If these chickens and non-deficient control buds 
receivmg the same diet supplemented with cod-hver oil -were then infected -with 
counted numbers of eggs of A lineata, the deficient chickens subsequently sho-wed 
more and larger worms than the non-deficient ones Weakened peristalsis and 
the larger amount of feces present m the mtestmes of the deficient chickens, thus 
perhaps pro-vidmg a better food supply for the worms, were suggested as possible 
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explanations for the observed effects of the deficiency Within the next few 
years, instances were reported m which ntamm A deficiency interfered with the 
development of acquired immunity in rats to the mtestmal nematode Nxp- 
postrongylm muns (18), with the resistance of rats to both imtial and secondaiy 
mfection with Tnchinella spiralis (19), with the resistance of dogs to two species 
of ascands (20), and with both the natural and acquired resistance of rats to the 
nematode Sirongyhides raUi (21) McCoy (19), observed that rats on a ntamin 
A deficient diet showed a lowered resistance to infection with Tnchinella spirahs 
several weeks before the appearance of any other signs of avitammosiB While 
in normal rats adult tnchinae hve only two weeks, m the vitamin A deficient 
rats they survived as long as their hostr—up to 57 days Lawler (21) found that 
the resistance to strongyloides infection of rats on a vitamin A deficient diet was 
not decreased until the stores of vitanun A m the hver had been completely 
depleted When this condition had been reached, resistance both to primary and 
to secondaiy infections with S ratli was significantly lowered 

Deficiency m either thiamme or nboflavin lowers the resistance of rats to 
Nippoairongylus mum, another nematode parasite (22) The effect was slight 
m a pmnaiy infection but marked m a supennfection, suggestmg that the 
deficiencies mterfered pnmanly with antibody formation Protem deficiency 
also mterferes with the development of acquired immumty to this parasite (23) 

Larsh (24) found that increased development of the cysticercoids, or lanal 
forms, of the tapeworm hymenolepis occurred m mice which were partially fasted 
or were given alcohol If the fasted or alcohohc mice were given a vitamin 
mixture, their resistance was as great as that of control normally fed mice, 
although their food mtake was as low as that of fasted or alcohohc mice not 
given the ntamm supplement 

Much of the experimental work on nutntion and resistance to protozoan 


infections has been done with representatives of two genera of parasitic protozoa, 
the genus Trypanosoma which typically develops withm the fluid portion of the 
blood of its host, and the genus Plasmodvwn which undergoes a major portion of 
its developmental cycle withm the red blood cells of its vertebrate host Mam 
festly, these two genera mclude some of the most important infectious agents of 
man sud domestic animals, members of the genus Plasmodium bemg responsible 
for malana, and the tiypanosomes for Afncan sleeping sickness and Chagas 
disease of rrmn and for nagana and related diseases of cattle and horses 
With the protozoa, as with other types of infectious agents, two oppoate 
effects of nutntion on resistance are possible, and both have been obsen'ed 
us consider first those instances m which a nutntional deficiency rather un 
expectedly appears to enhance resistance to a protozoan parasite Reiner an 
Paton (25) reported that rats on a diet deficient m the vitamin B complex 
vived infections with the blood flagellate Trypanosoma eqmp^um sUgh J 
longer than did control animals on an adequate diet Becker (26) 
rats fed a heated diet and infected with the mtestmal coccidian parasi e i 

escreted m ttel fe«e, £ewr olk^slB Iton did mtt -vhioh were Wife 
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same diet but not heated The number of oocysts excreted was mcreased, mdi- 
catmg a more severe infection, if the heated diet was supplemented with panto- 
thenic acid Similarly, if rats were fed a poor diet and were infected with 
eimena, a supplement of calcium pantothenate did not improve the growth of 
the rats, but it did favor the growth of the parasites, as evidenced by mcreased 
oocyst excretion (27) The addition of pyndoxme alone had a similar effect, 
but if thiamine was added together with the pyndoxme even fewer oocj^s were 
produced than m controls fed the unsupplemented diet (28) The feedmg of 
thiamme together with pantothenate, however, had no such effect on the growth- 
promotmg potency of pantothenate for eimena 

Calcium pantothenate favors the survival of a bird malaria parasite (PZos- 
modium lophurae) m suspensions of duck or chicken red blood cells mamtamed 
zn vitro (29) The results suggest that a deficiency of the host m patothemc acid 
may affect adversely the development withm it of malanal parasites This was 
found true m blood-mduced infections of chickens with PZasmodium gallznaceum 
(30) In these experiments the chickens were moculated when marked differ- 
ences had appeared between the supplemented and the deficient groups 
Whereas the infections m the chickens receivmg pantothenate reached the usual 
peaks with over 50% of the erythrocytes parasitized, the infections m the chickens 
deficient m pantothenate showed only 3% or less of the erythrocytes infected 
Riboflavm, like pantothemc acid, appears to be even more essential to the life 
of certam avian malana parasites than to the life of their host (31) When 
chicks fed a diet low m nboflavin were infected with Plasmodium, lophurae, they 
subsequently developed infections with a peak parasite number only about one- 
fifth as high as that reached m control chicks on an adequate diet Chicks which 
were fed the adequate diet but m restricted amount, so that they grew as poorly 
as the chicks on the nboflann-deficient diet, developed even heaner infection 
than the fuUy fed controls Although nboflavm deficiency made chicks rela- 
tively unsmtable for the growth of malana parasites, it also rendered them more 
susceptible, apparently, to the effects of the infection In spite of their lower 
parasitemia, more deaths occurred among the infected deficient chicks than 
among either the infected non-deficient ones or the uninfected deficient ones 
In monkeys, a deficiency of ascorbic acid modified and greatly prolonged the 
course of infection with Plasmodium knowlesi, a malanal parasite which normally 
produces m monkeys an acute rapidly fatal infection (32) 

Instances m which a nutntional deficiency m the host lowers its resistance to 
protozoan parasites are somewhat more numerous than the instances, already 
cited, m which the reverse has been found true Salazzo (33) found that while 
normal pigeons were completely refractory to infection by Trypanosoma brucei, 
a parasite of mammals, pigeons made deficient m vitanun B complex by feedmg 
them a diet of autoclaved wheat or pohshed nee showed an appreciable sus- 
ceptibihty to this parasite The trypanosomes became sufficiently numerous m 
the blood of some of these pigeons to be demonstrable microscopicallj^ as well as 
by submoculation mto mice 

The resistance of rats to the blood flagellate Trypanosoma lewisi is markedly 
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lowered by deficiency in either biotm or pantothenic acid (34, 35) Except in 
very young rats (36), T levmx is normally a bemgn parasite, rarely reaching 
densities greater than two or three hundred thousand per mm’ of blood and 
never causmg death In rats fed a diet deficient in pantothenic acid and infected 
with T lemsi, peak parasite densities were attamed 5 to 9 times as high as those 
seen in htter mates receiving pantothemc acid (37) In the deficient animals the 
parasites persisted 4 to 5 days longer than m the controls, and produced a con- 
siderable anemia It is mteresting that closely parallel effects were observed in 
rats which received sodium sabcylate (38), a compound which antagomies 
pantothenic acid m the growth of certam bactena (39) 

If rats were made moderately to severely deficient m biotm by feeding them a 
diet nch m egg white and were then moculated with T letmi, they showed much 
heavier and more prolonged infections than did control non-deficient rats (40) 
Even m shghtly deficient rats, significantly higher parasite densities were attamed 
than m the controls, this suggests a specific effect of the biotm deficiency Rats 
which showed marked anemia as a result of havmg been fed a toxic low-protem 
diet contammg 16% Imoleic acid, were nevertheless fuUy as resistant to T 
leinsi as rats on an adequate diet 

The first report of the effect of a specific nutritional factor on the course of a 
malanal infection was concerned with the influence of biotm on susceptibility to 
avian malaria (41) It was found that a parasitemia of approxunately twice the 
intensity developed m chickens or ducks made moderately biotm-defioient as 
compared with control non-deficient birds This was true for Plamodxum lo- 
phurae both m chickens and ducks and for P cathemenum m ducks These re- 
sults were soon confirmed (42) 

A deficiency m fohe acid (43) or m protem (44), also decreases the resistance 
of chickens to P lophurae Smee fohe acid deficiency m chickens is cccom 
pamed by anemia as well as leucopema, the higher relative parasite counts 
observed may have been partly due to the smaller number of red cells Seeler 
and Ott (45) reported a biphase effect of thiamme deficiency on the course of 
infection with P lophurae m chickens The highest peak of parasite numbera 
occurred m chicks with severe thiamme deficiency, the lowest m chicks receiving 
the Tmmrmimn requirement, and mtermediate peaks m those recervmg an excess 
of thiamme Roos, Hegsted and Stare (46) were, however, unable to find any 
effect of thiamme deficiency on P lophurae either m chicks or m ducks Sam 
larly, they found no effect either of vitamm A or macm deficiency on the cmirfe 
of the infection m ducks But macm deficiency had an mteresting 
infection with P lophurae m chickens Peak parasite densities were reached 3 
to 4 times as high as those of the controls, but the birds became free from parasites 
at almost tbe same time as the controls Brooke (47) has desenbed effect^ 
poor diet m decreasmg the resistance of birds to avian malanal parasites e 
nature of the specific deficiencies responsible for the effects observed was n 


determmed 

The experimental study of nutation m 


relation to resistance to infection can 
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be approached from different angles and with different ends m view Such 
studies may conceivably give an msight mto the influence of nutrition on the 
epidemiology of human disease They ma}’’ also provide a method of mvestigat- 
mg some of the mechanisms of resistance to infectious agents Where a nutn- 
tional deficienc}’’ lowers the extent of growth of the parasite, and at the same tune 
appears to enhance resistance of the host as m chickens deficient m pantothemc 
acid and infected with Plasmodnim gaUinoceum, it seems reasonable to assume 
that the lack of the nutnent renders the host a relatively unsmtable culture 
medium for the parasite If the nutntional deficiency produces a leucopema, 
as m fohc acid deficiency, it could well mterfere with phagoc 3 i;osis, and a de- 
ficiency which mterferes with protem ^mthesis could also mterfere with the 
formation of antibody globulm and hence with that important mechanism of 
resistance In fact, most workers have attempted to mterpret the deleterious 
effects of nutntional deficiency on resistance to infection m terms of mterference 
with the formation of antibodies of the classical immunological type This 
mterpretation may well be correct m some mstances It is mterestmg to note, 
however, that pyndoxme deficiency, which markedly reduces the amount of 
ISTnphoid tissue (48) and the antibody producmg power of the animal, has had 
no observed effect on resistance to pnmary infection with a protozoan parasite 
Protem deficiency which, as Cannon (49) has shown, lowers the abfiity to produce 
antibodies, had no effect on the resistance of the albmo rat to Trypanosoma 
lewisi (40) Extreme protem deficiency, of the type which reduces the resistance 
of chicks to Plasmodium lophurae (44), might well mterfere with many mecha- 
nisms other than those concerned with the synthesis of antibody gamma 
globulins 

Becker and Gallagher (38) have suggested that pantothemc acid deficiency 
or the administration of sahcylates reduces the resistance of rats to Trypanosoma 
lewisi because they prevent the utilization of pantothemc acid as a coenzyme m 
the formation of a specific oxidative enzyme which inhibits the reproduction of 
the parasite This enzyme might then correspond to Tahaferro’s (50) ablastm 
or reproduction-mhibitmg antibody 

Caldwell and Gyorgy (40) found that, if large numbers of mature trypanosomes 
(r lewisi) were mjected mtravenously mto rats, and if the rats were then m- 
jected with hypenmmune serum which had been heated to 56 C for one-half 
hour, the tri^panosomes rapidly disappeared, if the rats had been fed an ade- 
quate diet, but they persisted and multiphed m biotm-deficient rats These 
results may mdicate some abnormahty with respect to complement m biotm- 
deficient rats However, the hemolytic complement titer of the serum of biotm- 
deficient chicks did not differ from that of normally fed controls (51) 

The more obvious explanations for the effect of biotm deficiency m decreasmg 
the resistance of chickens and ducks to malaria parasites have no supportmg data 
Moderate biotm deficiency m these buds does not affect erythrocyte or leucocyte 
formation, nor is there evidence that it mterferes with the production of anti- 
bodies The plasma of these buds (as well as that of mnu and other animals) 
has been found to contam a lipoprotem which on hydrolysis yields a fatty ma- 
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tenal having biotin activity for bacteria, mosquito larvae and chicb (52) This 
Iipoprotem occurred at a relatively high concentration in the plasma of ducks 
recovering from a malanal mfection and at a lovr concentration m the plasms of 
ducks about to die from such an infection The a- and /3-gIobuhn fractions of 
human plasma, which are nch m this matenal, inhibited the growth of Pks 
modtum lophurae in suspensions of duck erythrocytes in vitro, whereas the frac 
tions poor in it did not have such an effect (51, 63) On the baas of this ad- 
mittedly circumstantial evidence, one h3q)othesis assumes that a hpoprotein of 
the plasma at suitable concentrations inhibits the growth of malana paraata 
and contributes to their destruction by the phagocytes Biotm is essential for 
the synthesis of the hpoid portion of this hpoprotem, hence a biotm deficiency 
would interfere with resistance to malana Recently direct evidence has been 
obtained for the existence of a substance m the plasma of mature chickens 
(relatively resistant to P lophurae) which when mjected mtravenously mto babj 
chicks (highly susceptible to P lophurae) reduces the seventy of their infection 
with this parasite 

In all studies on resistance, it is important to keep m mmd the different levels 
at which a host may oppose attack by a parasite Frequently resistance depends 
on the abihty of the host to prevent the entrance of the parasite mto its body 
This may be accomplished by simple mechamcal means, or by a chemical mecha 
msm such as the kilhng of the potential parasite by the acid secretion of the 
stomach It may also be brought about by an extreme cellular susceptibihty, 
as with some fungus and vinis infections of plants, where the cells mitially 
infected die so quickly that the parasite, which requires hving cells to nourish it, 
also dies before it can progress to the infection of adjacent tissues (54, 55) 
Once a parasite has succeeded m entering a host, the further course of events will 
depend on the suitabihty of the host as a source of the nutnents required by the 
parasite and on the abihty of the host to check the multiphcation or growth of 
the parasite This is the level of resistance which has been dealt with m most 
studies on resistance to protozoan infection The protozoa, and also some of the 
hehmnth parasites are especially well smted for studies of this type, smce, as 
Tahaferro (56) has emphasized, with these organisms one can readily follow not 
only the over-all rate of actual merease in numbers or of growth, but also the 
rate of reproduction One does not need to depend exclusively on relatively 
gross entena such as the sickness or death of the host animal These latter 
entena depend not only on the level of resistance determmed by the abibfy o 
the host to check the multiphcation or growth of the parasite, but also on a third 
level of resistance, namely the abihty of the host to overcome the vanous mjunous 
and toxic effects brought about by the parasite In mfections such as ma ns 
m which the number of parasites can be determined, it is not uncommon o 
observe mdividuals with severe symptoms, but with nevertheless an appreciab j 
lighter parasitemia than that exhibited by other mdividuals who show few o 
perhaps no agns of the disease 
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NUTRITION AND SUSCEPTIBILITT TO EXPERIMENTAL BACTERIAL INFECTIONS 

L S McCbing 

In considering the older hterature, I wish to quote from an extensive paper by 
Lassen m 1931 (57) on the course of paratjqihoid infections m avitammotic rats, 
particularly those deficient m vitamm A His summary, which is perhaps 
typical of the penod, states “ everj'^deficiencymnutntion, whether of quanti- 
tative nature or qualitative, is accompanied by an mcreased susceptibihty to 
mfection and a lowered resistance ” With this as a pomt of departure, we may 
examme some of the claims m recent reports to see if the same summary could 
be made at the present 

Higgms and Feldman (58) reported that diets significantly low m thiamme and 
nboflavm, madequate to provide proper somatic growth, did not influence m any 
recognizable manner the resistance of the white rat to mtravenous mjection with 
virulent avian tubercle bacilh, and, an abundance of vitarmn C fed to gumea 
pigs before and after subcutaneous moculation of 10,000 tubercle bacilh of H37 
Rv variant did not influence the course of the disease accordmg to Heise and 
Steenken (59) 

Kelly (60) reported that Spirillum sputigemim produced local inflammation 
and abscesses m gumea pigs deficient m vitanun C but was non-pathogemc for 
healthy animals 

Badger (61) and Badger, Masunaga and Wolfe (62) found that rats deficient m 
thiamme were more susceptible to rat leprosy mduced by a vanety of routes 
than were control animals on an adequate diet Bats on the deficient diet plus 
supplementary purified thiamm e were no more susceptible than normal rats 

Saslow, et al (63a) reported that monkeys on a deficient diet developed a 
stnkmg granulopemc leucopema and showed a markedly lowered resistance to 
spontaneous mfection with high mortahty Likewise, m contrast to controls on 
a normal diet, these animals showed mcreased susceptibdity to infections with 
Streptococcus hemolyticus, Group C, and influenza vmis, Type A, when these 
agents were administered mtranasally 

Several groups have studied the problem of susceptibihty or resistance to 
pneumococcal infection Wooley and Sebrell (64, 65) found that Swiss mice on 
a diet with less than rmnmnHl growth requirements of nboflavm or thiamme 
are more susceptible to mtranasal mfection with Type I pneumococci than am- 
mals receivmg suficient quantities of these ntamms for good growth Day and 
McClung (66), however, found no significant change m susceptibihty to mtra- 
pentoneal mjection of these orgamsms m experimental rats showmg pantothemc 
acid deficiency compared with the normals m the same senes With mice, 
similarly mjected and similarly deficient, no difference m susceptibflitj’' could be 
obser\’'ed except possibly those m acute pantothemc acid deficiency The cl aim 
of West, et al (67) that pantothemc acid deficiency greatly mcreased the resist- 
ance of the rat to the nasal insufflation of Tjqie I pneumococcus must be viewed 
with some care smce only 8 ammals were used Eobmson and Siegel (68) 



H2 


P P CLAJIK, L S MCCLTJNG, H PINKERTON, Vf H PRICE [voi 13 
H A SCHNEIDEH ANB W TRAGER 


conducted more extensive studies, also ivith Type I pneumococci in rats, employ- 
ing 30 to 50 viable cells m a broth-mucm suspension and the intratracheal route 
through an mcision m the neck They reported that rats deficient m nbofiavin 
or pantothemc acid are as resistant to experimentally mduced pneumococcal 
lobar pneumonia as those receivmg the same basal diet with adequate quantities 
of these factors, but that thi a min e and possibly pyndoxme deficiency appeared 
to lower the resistance These authors also considered the vitamm content of 
the tissue of the depleted animals and found suflacient quantities of the vitamins 
to support the growth of the microSrganism In a later report, Hitchmgs and 
Falco (69) discovered that mice on a purified diet survived the mtrapientoneal m- 
jection of 100,000 lethal doses as compared with those on a commercial labo- 
ratory diet They were unable to asenbe the difference to any known dietary 
essential 

With respect to infection by the salmonella, which are natural pathogens for 
mice, Stryker and Janeta (70) found no noteworthy difference m intestmal 
permeabihty to Salmonella ententidw or of Chsindium hotvhnum toxm m rats 
deficient m vitamm A and control animals Riboflavm deficient mice are much 
more highly susceptible to spontaneous salmonella infections than control am 
mals accordmg to Eligler, et al (71), and likewise mice and rats m a state of 
avitammosis A are more susceptible than normals (72) but with this factor 
mcluded m the diet Paired feedmg experiments suggest that starvatibn rather 
than vitamm A deficiency was the more important factor Biotm deficient rats, 
which were mfected m groups after 14, 21, and 28 days on the diet by feeding a 
low dilution of a culture of S itfphtmunum and were killed 3 days later, showed 
greater percentage of positive cultures of Salmonella from them organs than did 
controls In spontaneous salmonella epidemics m mice, employmg 4 week old 
htter mates m the groups, the deficient animals showed a higher rate of infection 
(73) With respect to thiamme, Guggenheim and Buechler (74) reported that 
deficient mice showed a markedly mcreased susceptibihty to oral infection with 
S iyphimunum and it was suggested that with mice the dimmished resistance is 
exclusively attnbutable to the thiamme deficiency, whereas the higher suscepti 
bihty of rats is due to the inamtion which accompanied avitammosis 
This short summary of claims m recent reports seems to fail to support com 
pletely the statements of Lassen given previously In addition, m order to keep 
this summary withm appropriate limits, we have reframed from pomtmg out, 
for each report, factors which might cast doubt on the vahdity of the conclusions 
suggested by the authors In many, if not aU, of the reports, senous 
could be made of one or more of the items m the experimental procedures 

INFLUENCE OF NUTEITTON IN RESISTANCE TO EXPERnnSVTAL 
RICKETTSIAL INFECTION 


Henry PinlorUm 

HistoncaUy, high typhus mortahty has through the centimes 
with war and famme, and on the experimental side, certam dietary fa 
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influenced markedly the response to rickettsial infection Our expenence ivith 
nckettsial infections has taught us that it may be difficult to determme whether 
certain compounds alter resistance by affectmg the nutrition of the host or that 
of the mvadmg orgamsms We shall, however, consider primarily the nutntion 
of the host, smce specific information about the nutntion of the nckettsiae is 
largely lackmg Our statements wdl be confined chiefiy to typhus infection, but 
diseases of the spotted fever and tsutsugamushi groups appear to react m a sumlar 
maimer to nutntional alterations 

Growth Requirements of the Ricketisiae The nckettsiae are obhgate mtra- 
cellular parasites and have been cultivated only on this basis Wolbach and his 
co-workers (81), m 1923, obtamed shght multiphcation of spotted fever and 
typhus nckettsiae m plasma tissue cultures mamtamed at 37 5 C In 1931, Nigg 
and Landstemer grew typhus nckettsiae m large numbers withm cells m a modi- 
fied Maitland culture (mmced gumea pig tissue m a mixture of serum and 
Tyrode’s solution) mcubated at 37 5 C In the same year, Pinkerton and Hass 
repeated the earher attempts of Wolbach and his co-workers to grow nckettsiae 
withm hvmg cells m plasma tissue cultures At 37 5 C, nckettsial multiphcation 
was shght and transient, whereas at 32 C, massive mtraceUular growth of nckett- 
siae occured (83), and heavily infected cultures could be mamtamed mdefimtely 
(84) In the MEaitland type of culture, tissue cells do not multiply, but slowly 
die, and probably for this reason the temperature of mcubation was not so 
imp ortant The evidence suggested that nckettsiae did not prefer a temperature 
of 32 C, but grew freely m hvmg cells mamtamed at that temperature because 
the lowered metabohc rate favored their multiphcation 

This concept received more direct experimental support by the work of 
Zmsser and Schoenbach (85) m 1937 These authors found that m cultures of 
the Maitland type, mcubated at 37 5 C, nckettsial growth was most active m 
the sixth, seventh, and eighth days of mcubation, “when the tissue has ceased 
respmng, and is either not viable at aU, or has lost much, possibly aU, of its 
metabohc actmty ” This result was m stnkmg contrast to that obtamed with 
a typical virus (equme encephahtis) which multiphed most actively durmg the 
first two days of mcubation, when tissue respiration was most active 

The oxygen tension and pH of plasma tissue cultures did not influence the 
growth of nckettsiae unless the alteration was sufficient to cause the death of the 
host cells (84) The nckettsiae of spotted fever m tissue culture, for some un- 
known reason, grew most freely withm the nuclei of theu host cells, where they 
formed compact clusters somewhat resemblmg the nuclear mclusions of vual 
infections (86) Typhus nckettsiae were never seen m nuclei, they were reduced 
m number and sphencal m shape m cells which were dividmg mitoticaUy, agam 
suggestmg that an mcrease m cellular metabolism was unfavorable for nckettsial 
growth 

Zmsser and his co-workers (87) improved the hlaitland medium by usmg 
Tsuode’s solution with serum agar, and by spreadmg the mmced tissue on the 
surface of this medium Zia (88) grew nckettsiae on the chonoaUantoic mem- 
brane of the fertile egg, and Cox (89) grew them even more abundantly m the 
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yolk sac In all of these media, nckettsiae grow only -within cells although, 
after the host cells die, many extracellular nckettsiae are found The peculiar 
susceptibihty of the cells hnmg the yolk sac of the fertile egg has not been ex 
plamed These cells are most susceptible on the fifth and sudh days of embiyonic 
deirelopment, acti-pe multiphcation takes place at temperatures between 34 and 
37 5 C, and very httle growth of nckettsiae occurs if the eggs are incubated 
at 40 C (90) 

It may be assumed that nckettsiae are at least partially lackmg m ntal ensyme 
systems, and can metabolize only by divertmg to their o-wn use certain enzjTne 
systems of the host cells This nutntional dependence of nckettsiae on the host 
cells suggests that agents which modify the mtracellular metabolism m the host 
might affect, favorably or unfavorably, the resistance of the host to infection 

Genetic Factors Experimental typhus is normally a mild, nonfatal disease in 
the gumea pig and m the rat, but is fatal for certam strains of mice The vanable 
susceptibihty of different strains of mice (91) and of fertile eggs (92) indicates 
agam the importance of genetic differences stressed m the first section of this 
review 

Starvation We have studied the effects of starvation on murme typhus infec 
tion m gumea pigs and rats (93) In male gumea pigs on a normal diet, such as 
oats, alfalfa, carrots, and water, the mtrapentoneal injection of nckettsiae causes, 
after an mcubation penod of two to four days, marked inflammation of the scrotal 
sac, redness and swellmg of the scrotum, and a febrile reaction lastmg for several 
days, although the animalB do not appear ill, and mvanably recover A fibnnous 
exudate, containmg small to moderate numbers of nckettsiae is found in the 
scrotal sac, where the temperature is low (about 32 C), but the general pentoneal 
cavity remams normal If male gumea pigs are depnved of food (but given 
water ad lib ) from the day of mjection, neither scrotal reaction nor fever occur 
Typhus-infected male gumea pigs which are killed after five to eight days of 
starvation, however, show a heavily infected gelatmous exudate m the general 
pentoneal cavity as well as m the scrotal sac In starvmg rats mjected mtra 
pentoneaUy -with murme typhus nckettsiae, we also found a copious exudate and 
a much greater accumulation of nckettsiae m the pentoneal caiuty than m the 


control rats fed on dog chow and water 
Intoxication by benzol or by X-rays accordmg to Zmsser and his co-workers 
(94) greatly reduces the resistance of rats to miume typhus nckettsiae, and causes 
the accumulation of nckettsiae m great numbers m the pentoneal canty, vrhere 
normally only a few nckettsiae were found These methods, particularly f e 
irradiation method, were used extensively to obtam nckettsiae m large numbers 

for canymg out immunological studies , i i nw 

Vitamins In 1931, Zmsser and his associates (95) found that a diet lacing 
all of the then known vitamms, earned to a pomt where deficiency signs ^ 
veloped, mcreased the seventy of murme typhus infection m ^mea P'S® 
rats, and caused the appearance of a pleural and pentoneal ^ 

nckettsiae The effect which they got m gumea pigs was probably tbe resui 

ascorbic acid deficiency 
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In 1939, Pinkerton and Bessej'- (96) reported a striking and apparently specific 
effect of nbofla\Tn deficienc}’’ on expenmental munne typhus infection m rats 
Even in the early stages of deficiencj’- when the rats were in relatively good con- 
dition (and had a life expectancy of three to four weeks), a complete loss of re- 
sistance was found, and the rats died m three to four days with an overwhehnmg 
infection, characterized bj’’ huge numbers of nckettsiae m aU of their organs 
The administration of nboflavm to such rats, even when they were at the pomt 
of death, caused complete recovery withm twenty-four hours 
Vitamm A deficiency m rats, even m the late stages, did not cause appreciable 
loss of resistance to munne tj^hus (96) 

Oral administration of para-ammobenzoic acid (PABA) to mice, by Snyder and 
his co-workers (97) and mdependently by Grerff and Pinkerton (92), was found 
stnkmgly to reduce the mortahty from munne typhus It is effective also 
against experimental spotted fever and tsutsugamushi disease Although PABA 
forms part of the fohc acid molecule, fohc acid itself is not nckettsiostatic m the 
fertile egg (98) 

We have mjected many vitamms mto typhus-mfected embryonate eggs with- 
out definite effects, but it is probable that egg yolk contams adequate amoimts 
of most vitamins Generally speakmg, ntamins are meffective unless a defi- 
ciency exists PABA is an exception to this statement, but it should be noted 
that the quantities of PABA needed to cause nckettsiostasis are enormous m 
companson with the amounts required to mamtam health Recently developed 
knowledge of antivitamms and anti-metabohtes may well prove useful m solvmg 
problems of nckettsial and viral metabohsm 
Fitzpatnck (99) has found recently that rats showed an mcreased susceptibihty 
to munne typhus when kept on diets deficient m the foUowmg specific ways 
(a) low protems, (b) one-tenth of the optimum supply of all vitamms of the B 
group, (c) one-twentieth of the optimum supply of pantothemc acid, (d) one- 
twentieth of the optimum supplj’- of nboflavm, (e) one-twentieth of the opt im u m 
amount of thiamme No change m susceptibihty was found m rats kept on diets 
deficient only m coutammg one-fortieth of the optimum amount of pyndoxme, 
chohne, mcotuuc acid, and para-ammobenzoic acid Susceptibihty was meas- 
ured by the mortahty, which was usually zero m the rats on a complete diet and 
often 100 percent m deficient animnls 

The addition of one per cent of hver powder to a complete diet did not mcrease 
resistance, but rats on a natural laboratory diet (oats, Rockland diet and fresh 
vegetables) were less susceptible to infection than those kept on a complete syn- 
thetic diet, even though the latter caused a greater mcrease m weight 

We have recently found that certam fohc acid antagonists and derivatives 
(gamopterm, diopterm, ammopterm, and pteropterm) m maximum tolerated 
doses have no appreciable effect on nckettsial growth m fertile eggs (100) These 
compounds were mjected forty-eight hours after the mjection of nckettsiae 
Dyes Methjdene blue and toliudme blue, when mcorporated m the diet, m- 
crease resistance and greatly lower the mortahty from tjqihus infection m mice 
(101) Unfortunatelj , the toxicity of these drugs has made them unsmtable for 
use m human beings 
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Other Chemoiherapeuttc Agents The sulfonamides lower resistance to expen 
mental spotted fever and typhus infection m gumea pigs (102, 103) Pemcillm 
IS nckettsiostatic against murme typhus infection m the fertile egg (104), and 
reduces the mortality of mice from munne typhus infection (105) from 100 per- 
cent to zero if given early, under certam experimental conditions Para 
sulphonamidobenzamidme and related compounds are effective in reducing the 
mortahty from typhus infection m mice (106) Acndme compounds are 
nckettsiostatic m the fertile egg (107) 

Chloromycetm has been shown recently (108) to be remarkably effechve 
against experimental infection vnth the nckettsiae of typhus, spotted fever, 
tsutsugamushi disease, and nckettsial pox It is effective when given either 
orally or mtrapentoneaUy to mice infected with tsutsugamushi disease This 
compound is also effective against psittacosis Although psittacosis is classed as 
a viral disease, it is biologically more closely related to the nckettsiae than to the 
smaller and more typical viruses 

Aureomycm (109) also is effective against spotted fever, tsutsugamushi disease, 
and Q-fever, both m fertile eggs and m experimental animals 
Para-ammobenzoic acid is probably meffective against Q-fever, but strepto- 
mycm is said to be of value (110) Q-fever differs rather widely from other 
nckettsial mfections 

Mechanisms of Action In attempting to explam the bactenostatic action of 
chemotherapeutic agents, emphasis has been placed on mterference with the 
nutntion of the mvadmg organisms The mtracellular location of the nckettsiae 
probably protects them somewhat against the direct action of most chemothera 
peutic agents The nckettsiae probably are vulnerable for a short tune while 
they are movmg from one cell to another, however, and certam nckettsiostatic 
agents, such as pemcillm, aureomycm, and chloromycetm, may inhibit nckettaal 
multiphcation directly m much the same way as they inhibit bacterial multiphca- 
tion We have also mdications for behevmg that certam nckettsiostatic agents 
may act mdirectly by altermg the metabolism of the cells m which the ncketfsifie 
multiply 

Smadel and his associates have suggested, on the basis of their observation that 
nucleic acid partially neutralized the action of the acndme dyes m the fertile egg, 
that the nckettsiostatic action of these compounds may depend on mterference 
with an adenme-contammg enzyme of the organism or host cell (107) 

Lowenng the temperature of infected animals is known to favor the mtra 
cellular growth of nckettsiae and the scrotal reaction, which is characteristic o 
many nckettsial mfections m experimental animals, is undoubtedly due to e 
relatively low temperature of the scrotum Typhus-mlected mice, kept a a 
temperature of 29 to 37 C showed a survival rate of nmety percent, m comp 
with a survival rate of zero m paraUel senes of mice kept at 18 to 22 C J 
This temperature effect makes it difficult to mterpret the results of . 

experiments cited The rapid multiphcation of nckettsiae m the pe 
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cavities of animals made ill bj’’ stanation, benzol or X-ray mto^ication, and 
certam vitamm deficiencies maj”- depend, to some extent at least, on a non-specific 
lowermg of the body temperature Zmsser and his co-workers were mchned to 
attnbute the effect of benzol and irradiation to the destructive action of these 
agents on hematopoietic tissue, but this pomt was not proved 

The mechamsm of action of temperature changes m modifymg rickettsial mul- 
phcation is not clear Phagocjdosis of staphylococci by gumea pig leucocytes 
(112) mcreases with nsmg temperature to a maximum at 40 C, and this phe- 
nomenon may be of some importance m nckettsial infection The importance 
of a low temperature (32 C) m obtammg ngorous mtraceUular multiphcation of 
nckettsiae m plasma tissue cultures (83), where leucocytes are not present, sug- 
gests that temperature changes may affect rickettsial growth pnncipaUy by alter- 
mg mtraceUular metabohsm 

Pinkerton and Bessey (96) beheved that the loss of resistance to murme typhus 
resulting from nboflavm deficiency might be a direct result of lowered mtraceUu- 
lar respiration, smce nboflavm forms an essential component of an important 
respiratory enzyme (113) 

One might be tempted to explain the nckettsiostatic action of such dyes as 
methylene blue, tolmdme blue, and mtroacndme on the basis of their known 
abihty to mcrease oxygen consumption tn vitro (114), although it has not been 
shown that they have a similar effect tn mvo 

Greiff and Pinkerton (98) have attempted to determme to what extent the rate 
of ceUular respiration (as measured by oxygen uptake) could be correlated with 
nckettsial multiphcation m the yolk sac of the fertile egg An mcrease m the 
environmental temperature from 37 5 C to 40 C, which is accompamed by an m- 
creased oxygen consumption, almost completely inhibited nckettsial growth 
When KCN was mjected mto the yolk sac, m amounts insufiBcient to kiU the 
embryos, nckettsiae multiphed freely at 40 C KCN lowered the oxygen con- 
sumption of the eggs and under certam conditions enhanced greatly the multi- 
phcation of nckettsiae PABA, which is markedly nckettsiostatic, mcreased the 
oxygen consumption m eggs about 50% Ortho-ammobenzoic acid and meta- 
ammobenzoic acid, which were not nckettsiostatic, did not mcrease the oxygen 
consumption m eggs Under certam experimental conditions, therefore, nck- 
ettsial growth appears to be mversely proportional to ceUular respiration 

The relation of metabohc processes, other than respiration, to nckettsial multi- 
phcation has not been studied I know of no instance m which dietary deficiency 
has caused mcreased resistance to nckettsial infection, and m this respect the 
nckettsiae appear to differ from certam bacteria, protozoa, and viruses 

In conclusion, although only a few prehmmary steps have been taken, the 
study of the influence of nutntion on resistance to nckettsial infection has already 
led to results of great mterest and importance At the present tune wide gaps 
exist m the information which biochemists can give us regardmg mtraceUular 
metabohsm, and even wider gaps between the detailed knowledge of certam 
enz 3 Tne systems and the apphcation of such knowledge to prohlems of mtraceUu- 
lar parasitism 
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THE BFFEC3T OF NDTRITIONAI, FACTORS ON THE RELATIONSHIP 
BETIVEEN THE BACTERIAL TIRHS AND ITS HOST 

Winston H Price 

This section of the review is concerned with work done between 1943 and 1948 
on the effect of vanons nutntional factors on the formation of bacterial virusea 
It wdl become apparent that the relationship between a bacterial virus and its 
host is not a static one, but, on the contrary, is a dynamic system m which vanoua 
nutrients determme the mteraction between the bacterium and its virus 
Before exammmg the effect of vanous nutntional factors on bacterial virus 
systems, it will be profitable to state bnefly the cycle of growth of the virus and 
the characteristics of a desirable system for studymg nutntional effects The 
growth cycle of the virus occurs m three steps (2) (a) the adsorption of the virus 
on the host cell, (h) the multiphcation of the virus and (c) the release of the virus 
from the cell Dunng step 6, which is called the minuniiTn latent penod, no in- 
crease m virus titer as measured by plaque counts has been demonstrated, smce 
this method determmes only extracellular virus The virus particles are released 
from the cell at a time charactenstic for a given virus, this produces a defimte in 
crease m virus titer By usmg the one-step growth techmque of Delbriick and 
Luna (115), one may determme whether the nutnents are mvolved m the adsorp- 
tion of the virus to the host, or m the actual multiphcation of vmis, or whether 
the metabohte is concerned primarily with the lytic process 
Experimental evidence mdicates that bactenophage multiphcation requires 
certam cellular reactions, but not necessarily all that are essential for bacterial 
reproduction (116) An appropnate system to study the effect of nutnents on 
vmiB growth would be one m which cellular multiplication did not contnbute sub- 
strates for VITUS formation, therefore, a non-mfected cell mcapable of growth in 
the culture medium used would be an ideal host for such an mvestigation Five 
such systems have been reported Spiaizen (116) found that cells of Eschenchta 
coh suspended m a solution of 17 4 X Id"* M glycme anhydride would support 
the growth of phage, although this medium would not support bacterial multi- 
plication Experiments by Pnce (117) and Krueger and co-workers (118) have 
mdicated that staphylococcus cells would form phage under conditions where 
pemcilhn prevented any demonstrable multiphcation of the cells Hernott and 
Pnce (119) have shown that cells of E coli and staphylococcus rendered non- 
viable by mustard gas would form phage Finally, Anderson (120) has reported 
that cells of E colt supported phage formation after ultraviolet irradiation al- 
though the cells were no longer capable of multiphcation 

It IS desurable to study those nutnents which affect virus reproduction but no 
the multiphcation of normal cells, for if the latter is affected, it is more difBcul 
to determme the mode of action of the nutnent Finally, it is easier to mterpre 
nutnent requirements and relationships m a cell which does not have ^ 
synthetic capacities It should be pomted out that although an added nu en 
may have no observable effect on virus formation, this nutnent substance ma 
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be concerned m vmis reproduction The lack of effect of the nutnent may be 
due to the fact that the substance is synthesized by the host at a rate fast enough 
so as not to be a limitmg substrate m \nrus sjmthesis 

The Effect of Ammo Acids Ammo acids mfluence the formation of bacterial 
viruses m several mterestmg ivays Anderson (120) has earned out an extensive 
study on the effect of vanous ammo acids on the adsorption of the virus to the 
host cell He has shown that viruses T4 and T6 of E coli require tiyptophan for 
this process, that the concentration of tryptophan, temperature, pH, and length 
of exposure are factors m the adsorption and that the process is reversible by 
dilution m a synthetic medium The degree of cofactor requirement appears to 
be mhented m clones of T4 Anderson has also presented endence that cob 
virus Tl needs isoleucme, norleucme or methiomne for adsorption, and coh virus 
T7, leueme, isoleucme or methionme Although the mechamsm whereby the 
virus becomes attached to the host cell is unknown, the findmg of Anderson that 
certam ammo acids are necessary to activate the virus before adsorption takes 
place may mdicate that an enzyme reaction is mvolved m this process (120) 

Cohen and Fowler (121) have found that ammo acids may play a role m the 
formation of bacterial viruses other than a requirement for the adsorption proc- 
ess Stud 3 nng the formation of coli virus T2 t+ in a synthetic medium consistmg 
of salts, ammomum lactate and ammomum chlonde, they observed that the yield 
of virus per cell was much lower and the minimum latent penod longer than on 
cells grown m nutnent broth The combmation of vahne, isoleucme, leueme, 
phenylalamne, histidme, argmme, Is^sme, aspartic acid, glutarmc acid, methio- 
mne, tryptophan, tyrosme and the purme, ademne, when added to the synthetic 
medium gave a burst size 90% of that foimd m broth and a latent penod lastmg 
1 to 2 mmutes longer They also observed that certam ammo acids decreased 
the minimum latent penod with httle effect on the yield of virus (122) For 
example, prolme shortened the mimmiim latent penod to a greater extent than 
aspartic acid, although the phage yield per cell was higher with aspartic acid 
These experiments mdicate that the time of hberation of the virus seems to be 
mdependent of the amount of virus synthesized 

Leueme inhibits virus reproduction, and this inhibition was overcome by the 
addition of vahne, isoleucme or norleucme, m fact, the virus mcrease was greater 
when this inhibition was overcome than with the latter three ammo acids alone 
Alanme, threomne, methionme, and tiyptophan had no observable effect on virus 
proliferation 

Spizizen (116) has reported mterestmg observations on coh viruses grown m 
glycme medium The mterpretation of these experiments is compheated by the 
fact that the nrus-mf ected cells were meubated seven mmutes m broth before bemg 
added to the glycme solution Usmg this technique, however, he found that ceUs 
suspendedina solutionof 19 5 X 10~‘M glj’-cmeorl7 4 X lO'^M glycme anhydride 
were not capable of multiphcation although they supported virus reproduction 
IMoreover, 36 X 10^" M ammomethane sulfomc acid, the sulfomc acid analogue 
of gl 3 ’’cme, inhibited virus formation m a 13 X 10~‘ M glycme solution but not 
m a 6 5 X 10”* M xanthme solution or m nutnent broth Spizizen also found 
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that -when cells of E colt were kept m a solution of 13 X 10-* M glycme for 16 
days at 37 C with a trace of nutrient broth, and then transferred to a fresh 
13 X 10-* M glycme solution, they gave fairly high mcreasea m virus K these 
cells were transferred to broth, however, there was very httle virus reproduction 
On the other hand, cells kept first m broth for 16 days at 37 C and then trans- 
ferred to a 13 X 10—* M glycme solution formed httle vims, although when these 
cells were added to nutrient broth a fairly large mcrease m virus was observed 
While these latter results are difficult to mterpret, they mdicate how the nutn- 
tional state of the host 'previous to the infection may determme the effect of a 
nutrient on subsequent bacteriophage formation 

The Effect of Other Ntiinenis Spmzen (123) has reported the effect of various 
nutrients on the formation of coh virus The addition of yeast nucleic acid, 
adenosme tnphosphate, glycerophosphate, diphosphopyndme, glucose-6-phos- 
phate, and adenyhc acid to a solution contammg 8 7 X 10“* M glycme stimulated 
bactenophage multiphcation However, not all phosphorylated compounds 
were stimulatory, smce fmctose-S-diphosphate, glucose-l-phosphate, fmctose-6- 
phosphate and guanyhc acid were inactive Calcium pantothentate, thiamine, 
mcotinic acid and pyndoxme had no phage stunulatmg action m the glycme 
medium 

Fowler and Cohen { 122) have shown that an external source of carbon, mtrogen 
and phosphorus is essential for the reproduction of T2r -f virus of E colt Cohen 
has mterpreted his experiments to mean that m a virus-mfected cell only virus 
material is synthesized (124) WTule this mterpretation may be correct, it is 
not yet defimtely established 

Experiments from this laboratory mdicate that certam nondialyzable fractions 
from Staphylococcus muscae and yeast will mcrease the phage yield per cell of S 
muscae m Fildes’ synthetic medium contammg hydrolyzed casern (125) If the 
cells were grown m the presence of the fraction and then centrifuged out, washed, 
and suspended m fresh Fildes’ synthetic medium plus hydrolyzed casein, such 
bacteria showed an mcreased phage yield, if virus was added immediately (126) 
The active substance therefore seems to be removed from the medium by the 
cells If cells previously treated with the yeast fraction were suspended m fresh 
synthetic medium free of this fraction and allowed first to mcubate one hour, and 
virus then added, there was no mcreased phage yield This experiment mdicates 
that m the absence of virus, the cells convert the substance to a form not utihza 
ble m virus synthesis These fractions have a high concentration of nbonucleo- 
protem which mcreases as the fractions become purer The yeast fraction iso- 
lated by Remer and Spiegelman (127) which stimulates adaptive enzyme form- 
tion m yeast can also stimulate virus formation m the S muscae Eystem ® 
method of isolation and the properties of the substance isolated m both labora- 
tones are very similar Whether the active substance is a nbonucleoprotem 
whether the two substances are the same must await the purification of ea 


compound 

Cellular Metabolic Patterns Determining Host Resistance 


In recent years, three 
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virus systems have been reported m which the host metabohc pattern has made 
them resistant to virus action 

E H Anderson (126) has reported that a smgle spontaneous mutation m E 
colt resulted m a mutant resistant to the lorus This mutant differed from the 
wild type m requirmg tryptophan to grow on synthetic medium consistmg of 
morgamc salts, dextrose and a mm onium chlonde, and also m growmg much 
better when a source of ammo mtrogen such as asparagme was added to the 
medium The mutant was resistant to T1 but not to T5 Mutants resistant to 
T1 and T5 and capable of growth with morgamc mtrogen and glucose were also 
uncovered Another resistant mutant was isolated which required for growth 
both trsptophan and prolme It is not yet established whether these specific 
metabohc changes are directly correlated with virus resistance 

Stud3ang various strains of virus T4 of E colt, Delbruck has found that one 
stram required tiyptophan and another stram tiyptophan and calcium for re- 
production The multiphcation of these virus strains is inhibited by small 
amounts of mdole Smce the host forms mdole from tryptophan, virus repro- 
duction stops when tiyptophan is added to the medium (128) 

Experiments from this laboratory mdicate a competition between the virus and 
host for nutnents Usmg a staphylococcus phage, we showed that a substance 
present m certam acid hydrolyzed protems was needed for virus reproduction 
This factor is essential for the multiphcation of the vmis but not for the host, 
although the host may remove it from the medium It is not needed for the ad- 
sorption of the virus to the cell Usmg a high mitial concentration of bactena, 
a low virus concentration and a small amount of the factor m Fildes’ synthetic 
medium, the virus will multiply for a time and then stop, although the cells, 
smce they are not all mfected, keep on multiplying This cessation of virus re- 
production results from the removal of the factor from the medium by the bac- 
tena Addition of more factor wiU result m the resumption of virus reproduc- 
tion (129) Prehmmaiy evidence of a similar competitive effect has also been 
observed with mcotmic acid and the nucleoprotem fraction, mentioned previ- 
ously, for this staphylococcus system Such competitive systems may play some 
part m the detrimental effect of the vmis on the cell If the vmis, by some 
mhibitoiy mechanism, prevents the utilization of essential nutnents by the cell 
and utihzes these nutnents for its own synthesis, the cell will eventually die As 
was pomted out earher, Cohen (124) has also presented evidence for this view 

Influence of Nutnents on the Response of the Host to Infection Two systems 
have been mvestigated m which nutnents have modified the normal “patho- 
logical response” of the host cells to the bacterial virus Wahl (130) found that 
virus of E colt needed calcium to reproduce m a synthetic medium containmg 
ammomum sulfate, potassium chlonde, magnesium sulfate, morgamc phosphate 
and 1 Mg of thiamine per ml Under such conditions, the host cells did not lyse 
The addition of 1 Mg more of thiamme per ml to the medium caused cellular lysis 
although the virus titer remamed the same Experiments from this laboratoiy 
have shown that with S muscae, phage release is correlated with cellular lysis m 
nutnent broth, although m Elides’ synthetic medium the virus is released without 
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observable lyaia (131) This latter observation has been confirmed not only by 
turbidity measurements but also by microscopic study The addition of a smBlI 
amount of nutnent broth to the synthetic medium resulted m cellular lysia to- 
gether with the release of the virus Cellular lysis eventually takes place in 
Elides’ synthetic medium, but after the virus is released from the cell For ex- 
ample, m veal mfusion medium, cells of S muscae begm to lyse 30 to 45 mmutes 
after infection and virus begms to be released mto the medium In Fildes’ syn- 
thetic medium the release of virus from the infected cells begins after 50 to 60 
mmutes and the maximum phage titer is reached at about 85 mmutes, the cells 
begm to lyse m from 90 to 110 mmutes 

A further analysis of the release of virus from cells of S muscae grown m Fildes’ 
synthetic medium has recently been earned out (132) The addition of a non- 
dialyzable fraction from yeast, resulted m a correlation between cell lysis and 
mrus release, although the minimum latent penod was the same as m the system 
m which the virus xvas released without observable lysis, that is, about 40 to 60 
mmutes It should be pomted out that m all these experiments the multiplicity 
of infection was about 13 If the cells were mfected with more virus particles 
to give a multiphcity of infection of about 6, then the cells began to lyse 40 to 50 
mmutes after infection and virus release was correlated with cellular lysis In 
all three mstances the phage yield per cell was the same This experiment shows 
quite clearly how the lysis of the cells may be modified by environmental condi 
tions and mdicates that cellular lysis is an accessory phenomenon associated with 
bactenophage formation 

Rather similar effects of nutntional factors have been reported with animal 
viruses Thus, the Wisconsm group (133) showed that m mice with a thiamine 
deficiency, western equme encephalomyehtis virus multiphed and killed the host, 
although the animals did not show the characteristic signs of this infection 
This result is qmte similar to the result obtamed m synthetic medium with the 
S muscae virus system where the virus kiUed the bacteria and multiphed, but m 
which the response of the host ivas different from that observed m a rich veal 
mfusion medium Toomey, ei al (132) also found that mice on a thiamine de- 
ficient diet mjected with the La ismg virus, died without showing paralysis The 
result of these experiments may mdicate that a rather spiecific nutntional environ- 
ment is necessary for the so-c; tiled “normal” response of a host to a vims in- 
fection 

THE rNFLUBNCB OP NUTRITION ON EXPERIMBNTAI/ VIEUS INFECTION 

PavlF Clark 

In the field of experimental vii-us infection, Peyton Rous (134) made one of the 
earhest observations on the effect of lAitntion on the transmissible chic en sar 
coma He reported that mtercurrent illness of the host checked the developing 
of the tumor and that young healthy wkll nourished fowl proved moresuscep i 
than the thm and the lU f 
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Olitskj’' (135) noticed a similar response m guinea pigs inoculated with the vinis 
of foot-and-mouth disease Frequently the animals suffenng from malnutntion 
or mtercurrent infection showed a delayed appearance of the primary and second- 
arj”- vesicles No protective antibodies were demonstrable m the blood serum of 
these animals so an explanation should be sought along other hues 

Elvers (136) stated that it was a common observation m his laboratory that 
unhealthy or malnounshed rabbits showed less reaction to vaccme virus and ex- 
hibited a lower titer to the active agent than did healthy nTumnls 

In a senes of important papers, Sabm (138) and Ohtsky (139) have stressed the 
role of constitutional bamers which develop normally as animals pass from m- 
fancy to matunty They have studied these changes with several viruses espe- 
cially those of vesicular stomatitis and equme encephalomyehtis m mice 
Several penpheral routes of infection such as nose, pentoneal cavity, muscle, or 
skin are readily effective m young mice and completely or largely meffective m 
adult animals, dependmg on their age and the choice of routes Dunng matura- 
tion, bamers, qmte unrelated to humoral immumty, develop which block the 
routes of dissemmation possible m young animals They have localized a num- 
ber of these bamers with reasonable accuracy 

Sabm (140) has followed this hue of querj'^ cnticaUy by modifymg the maternal 
diets dunng the lactation penod and also by weamng mice prematurely and rais- 
mg these animals on selected diets Either relative mamtaon or the absence 
from the diet of certam specific substances, such as thiamme and nboflavm dunng 
the penod of rapid growth, wiU prevent or retard the appearance of some of the 
natural bamers to mvolvement of the nervous system Further study of these 
“bamers”, which qmte likely may be chemical m nature, by the use of the re- 
cently developed histochemical methods might lead to further unravelhng of the 
emgma One is remmded of the wide vanety of mterference phenomena espe- 
cially those mduced by the vitamm analogues (W ooUey, 141) 

Other attempts to study host-cell virus relationships by several methods m- 
cludmg alteration of the diet, may be seen m the experiments of Sprunt (142) 
After findmg that under usual experimental conditions the volume of vaccima 
virus mjected mtradermally is more important than the number of virus particles 
m determining infection, he earned out three types of experiments (a) varymg 
the amount of moculum, (6) locahzmg the virus by mjectmg estrogemc hormones, 
and (c) mcreasmg the spread of a constant quantity of virus by mjectmg the 
testicular spreadmg factor These experiments mdicated that when the virus 
was well localized and fewer host cells mvolved, the lesions were fewer 

In further studies, group a received no food but had free access to water, group 
b received neither food nor water, and group c received no food but had access to 
water and received m addition mtrapentoneal mjections of 50 ml physiologic 
saline solution twice daily These regimes were mamtamed for ten days before 
virus moculation and two days thereafter The ammals were then fed amounts 
suflacient to mamtam weight, and group b was given free access to water 
Plasma protems showed no change throughout the experiments 
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The animals were sacrificed seven days after vaccination and the foUowmg 
observations made ^ 

1 Starvation but with access to water (group a) causes fewer or smaller va^ 
cima lesions than in controls 

2 Starvation plus dehydration (group h) causes even more marked decrease m 
vaccme lesions 

3 Starvation with mcreased mterstitial fimd (group c) mcreases the number 
and size of lesions 

Sprunt suggests that the greater inhibition m group b may be due to the restnc 
tion of the spread of virus particles by dehydration so that fewer host cells are 
exposed while increased interstitial flmd as m group c has the opposite effect It 
would seem more likely that some of the violent changes that occur during altera 
tions in water balance are responsible for changes m cell permeabihty and there- 
fore cell Busceptibihty 

Ohtsky and Schlesinger (139) also stressed the factor of edema when they ob- 
served that hypertomc salt solution injected into the base of the tail of albino 
mice 3^ to 24 hours before the cutaneous injection of herpes virus, mcreased m 
fection both on the basis of success with one hundred fold greater dilution of the 
virus and also shortening of the incubation penod by one-third Mixtures of 
hypertomc solution plus virus, mjection of the hypertomc solution after the vmiB, 
and apphcation of virus after the edema had subsided showed no enhan cing effect 
They suggested that the factors m edema which dilate the lymph vessels, render 
their walls more permeable, and mcrease the rate of flow, may bring the virus 
mto contact with a greater number of nerve fibers m the conum and therefore aid 
infection 

Because of Heme’s onginal observation, supported by several observers since 
his time, that pohomyehtis seems to attack the better nounshed children with 
relatively higher mcidence than the scrawny and ill fed, several expenmento! 
studies seeking knowledge m this field have been undertaken with the further 
hope of an mcrease m general information about host-cell virus relationships 

Experiments vnth Central Nervous System Viruses Transmissible to Mice Fos- 
ter (143) and her colleagues at Penn^lvama have, m a senes of well-controlled 
experiments with Lansmg stram pohomyehtis virus mjected mtracerebralJy m 
mice, shown that a thiamme deficient diet prolongs the mcubation, reduces 
the mcidence of paralysis, and also the mortahty rate, as compared with con- 
trol groups on an unrestncted complete diet Querying further the role of re- 
duced food mtake and mamtion mcident to thiamme deficiency, they report that 
the mcidence both of paralysis and of death was less m the vitamm deficient 
group t.hn.Ti m a paired group on a simple restncted diet with adequate thia^e 
Both calonc and total restnctions were mcluded m them experiments ^ey 
conclude that “apparently the effect of vitamm Bi deficiency on the action of the 
virus 13 not due solely to anorexia ” 

A Umversity of Wisconsm group of mvestigators made siinilar observatio 
with essentially the same conclusions (Rasmussen ei d , 144) They have m 
several basic studies of the nutation of the rhesus monkey, and have useo 
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■Wider variety of ■viruses of tlie central nervous system, not only Lansmg but 
Tbeder’s GD^TLI, TO, and FA, ■western eqmne, aU m mice, the virus of a^vian 
encepbalomyebtis m chickens, as ■weU as several strams of human pohomyehtis 
■virus m monkeys (Clark et al , 151), aU these "with a vanety of diets 
In their thiamine deficiency experiments, they noted that after the usual penod 
of observation (28 to 35 days ■with the poho and Theder's \uruEes) ■when essen- 
tially all of the optimum fed controls had become paralyzed and had died, if the 
survivors on the thiamine deficient diet ■were given hberal thiamine, a number of 
these survivors (4 of 14 m a typical Lansmg senes) came do^wn ■with typical paral- 
ysis Apparently the virus had not been destroyed, but some mterference had 
occurred so that the tjjqncal course of the disease was altered 
Also ■with another vims, ■western equme encephahtis, most mice ■with a severe 
thiamine deficiency (17 to 19 da3fs on the deficient diet before moculation) failed 
to show the characteristic signs of infection Such nuce showed only weakness 
progressmg to atoma, tremors, and marked ataxia, the tune of death was delayed 
somewhat but was earher than m unmoculated deficient groups (147) Titra- 
tion of bram-cord suspensions from these moculated deficient animals, ■without 
auy typical signs, showed that m this instance also ■the virus was not destroyed, 
but had multiphed apparently as well m these animals as m those that had sho^wn 
typical encephahtis while fed on optimum diets Characteristic bram lesions 
were also present both m the atypic^ deficient animals and m those with typical 
encephahtis fed a complete ration ad lihtum These histologic studies were not, 
however, earned out with detail adequate for a more definitive statement 

A few only of the other B group of ■vit amins have caused less marked altera- 
tions m the course of the disease Pantothemc acid deficiency is especially mter- 
estmg m that it gave lowered mcidence of typical paralysis m the mice challenged 
■wi'th Theiler’s CD VII, but no difference m similarly deficient and control groups 
when Lansing strain ■was employed This suggests a difference m the require- 
ments of the two "Viruses The results ■with nbofla^vm deficiency were just the 
reverse, ■with no difference m the Theiler’s FA and GDVII groups and a very 
shght statistical difference ■with Lansmg ■vims Through the use of a complete 
synthetic diet and carefully calculated salt mixtures, Lichstem (145) and his 
associates studied the effect of smgle mmeral deficiencies on the susceptibihty of 
S^wiss mice to Theiler’s GDVn ■virus No demonstrable effect on the course of 
the disease was obtamed by varymg the level of calcium, magnesium or chlonne 
m the diet, a sodium deficiency, however, resulted m a small decrease m the num- 
ber of paralyses, a progressively decreasmg mcidence of paralysis ■was observed 
as the amount of potassium or phosphoms was decreased from optimum to an 
essentially completely deficient level 

It should be noted, however, that although the mcidence of paralj^ vaned 
from 14 to 37% m the K deficient groups as compared ■with 78 to 95% m K opti- 
mum groups, deaths ■without paralysis mvanably brought the total fatahties to 
100% m moculated mice at a time when very few unmoculated deficient mice had 
died This effect should probably, therefore, be designated as an alteration m 
the chmcal picture rather than a defimte mcrease m resistance 
Diggmg further mto the protems, we have employed acid-hydrolyzed casern. 
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With the essential ammo acids m pimfied form, deletmg one after another of the 
ammo acids from the otherwise complete diet The tryptophan deficient diet 
has given the most marked results (Kearney et al , 148) with a deficiency in valme 
or isoleucme providmg smiilar though less marked alterations m the clinical pic 
ture The mice fed an optimum diet mmus tryptophan showed an accelerated 
death rate m those moculated with Theiler's GDVU as compared with the con 
trol deficients and a marked lack of the characteristic signs of the disease, com- 
monly almost no cases of paralysis, as contrasted with close to 100% m groups on 
optimum diets Yet m these tiyptophan deficient mice, showmg no signs of 
paralysis, m fact some of them with no signs of virus infection, the virus had 
multiphed abundantly as determmed by subsequent bram-cord titration The 
proliferation of the virus seems to have been erjual to that m the optunum fed 
typically paralyzed animals, although more complete titrations of separate por- 
tions of bram and cord would be needed to support this statement adequately 
Many of these experiments show clearly and with reiterated emphasis that the 
typical clmical picture of several virus diseases can be markedly altered by a 
vanety of dietaiy deficiencies This alteration extends even to the ebmination 
of paralysis in a high percentage of the cases but, m these altered or resistant 
mice, the virus contmues to multiply apparently as abundantly as m animals fed 
a complete diet ad libtium Attempts to detenmne with greater accuracy the 
nature of this mterference should be pressed 
The Pennsylvania group (143), usmg Lansmg virus, have shown that mice on 
a low protem diet (5% casern) exhibited a shght delay m onset of symptoms and 
those on low (0 4%) tryptophan exhibited a still longer mcubation penod, but 
eventually became paralyzed The differences m their results as compared with 
ours may well be due to the use of a different virus and to the presence of an 
amount of tryptophan m the diet suflficient to provide a basis for the development 
of the typical disease We have found that a diet contammg as httle as 05% 
tryptophan will not prevent paralysis m mice infected with Theiler’s TO virus 
Other vitamm studies of significance mclude an observation of Pinkerton and 
Swank (146) Phve per cent of 400 pigeons on a thiamine deficient diet for 5 to 
12 days developed a disease similar to if not identical with jisittacosis Smce the 
birds had seemed entirely well during a preliminary period of one to two weeks 
and had not been m contact with psittacosis, the authors suggested that the 
thiamme deficiency may have changed a latent infection with psittacosis virus 
mto an active one 

Pinkerton and Moragues (91) have also reported a higher mortahty rate an 
somewhat earher deaths due to Lansmg poho virus m normal mice compared wit 
nboflavm deficient animals 

Saslaw (63) and associates observed that the absence of a nutntional me or, 
apparently fohe acid, produced a marked leucopenia m Macaco mvlalta ren ermg 
them susceptible to mtranasal instillation of mfluenza virus In 
keys, the virus produced only a transient leucopenia while m the 
deficient monkeys with preinfection leucopema, the virus produced mar e 
involvement and death m 5 of 7 animals moculated 
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The eAadence reviewed, coming as it does from many laboratones, is sufficient 
to make clear that nutntional deficiencies may defimtely modify the usual course 
of several experimental lurus infections No over-aU generalization can be made 
but the recent work brmgs to mmd the earher experiments of Zmsser mdicatmg 
that unhke nckettsia and some other pathogens, viruses appear to thrive best 
imder conditions of active tissue metabohsm 

Manifestly, the conditions of many of the experiments are highly artificial so 
that one should guard agamst anj’- suggestion that the facts obtamed have any 
immediate apphcation to the spontaneous disease mvolved In most mstances, 
however, the mvestigators have been studymg diseases with severe infection and 
high mortahty rates so that the challenge has been se\ ere and less hkely to detect 
rumor differences m host-virus balance 

The mterfermg agents are so vaned, some exceedmgly simple, potassium and 
phosphorus, and others more complex, vitamms, vitamm analogues and metabo- 
htes m dififermg phases of nutntion, and some of the results so stnkmg with al- 
most 100% differences between controls and experimental animals, that one must 
urge more and contmued study along many of the suggestive leads 

STJMMABY 

A summary of reviews is inherently difficult In this case, the great diversity 
of the experiments and the not infrequent madequacy of controls, present such 
confusmg and at tunes conffictmg results that any attempt to generalize would 
seem premature Mention should be made of two other recent reviews of this 
subject, those by Aycock and Lutman (149) and by Schneider (150) Further 
efforts to unravel the snarled skem should contmue 
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Immunity in poliomyelitis is a particulaxly timely topic m view of recent 
studies from many labors tones The theme of immunology presented here, how- 
ever, will be launched "^rom a senes of events occumng on the small Pacific 
island of Guam, and ij^^osequentty subjected to laboratory and armchair analysis 
No attempt will be made to renew much of the older literature on the im- 
mimity of pohomj’elitis As an eveuse, a cue wfil be taken from Dr Sabm, who 
said at the end of a Bela Schick Lecture (1), “I have drawn largely on my own 
studies, and ma}”- have left the impression that very httle other work has been 
done on the subject that is worth mentionmg” Then he quoted Professor Szent- 
Gydrgi who, when challenged at the end of a lecture by another scientist for not 
hanng mentioned his work, rephed “If I had taken tune to describe his many 
contributions, I should have had no time left to tell of m 5 ’- own ” 

Articles about pohomj’ehtis are characterized b}' two common faults of popular 
medical subjects excessive quantity and frequent lack of quaht}’- The tremen- 
dous amount of trash cluttermg up the hterature renders aU poho work most 
difficult Rather often work of poor quahty casts doubt on sound conclusions 
based on perfect^ good work, but to remove the doubt it must be repeated, some 
times not just once but several tunes The thousands of published articles never- 
theless do mclude scores of reports of excellent work In fact, the wntmgs of 
Caverly, Flexner, Landstemer, Wickman, Frost, Aycock, Trask, and many others 
provide precedent for practically everj’^ idea and every experiment reported smee 
Amateur scientists, however, man y seekmg easy pubhcitj’’, have written profusely 
on pohomyehtis on the shghtest scientific pretext 

Before launchmg mto the subject of unmumty m pohomyehtis, certam con- 
cepts should be clarified First, mfection with the vims of pohomyehtis must be 
clearlji distmguished from the recognized paralytic or nonparalytic disease Prac- 
ticallj'' everyone eventually, and frequently very early m life, becomes mfected 
with the several vumses, which we call pohomyehtis viruses, but the cluucal 
syndrome called pohomyehtis is a rare manifestation, perhaps onl}’’ a “complica- 
tion” of these infections Second, it is quite possible that the factor of resistance 
which prevents the majonty of persons from mauifestmg central nervous system 
disease or “complication” durmg infection is not xmmumiy, for m pohomyehtis 
this non-specific factor of resistance presumably is ordmarily present at the tune 

^ Presidential Address read in part at the 49th Meeting of the Society of American 
Bacteriologists, Cincinnati, Ohio on May IS, 1949 

- The original work reported was aided bj a grant from the National Foundation for 
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acknowledged In the future pubhcations of the completed studies summarized in this 
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of the first experience with the virus True, specific immunity, must be the result 
of previous mfection Its functions are not well detenmned, for it may either 
prevent reinfection or modify future infection and thus render the likelihood of 
disease (already quite unlikely because of the natural resistance) still more un 
likely To the epidemiologist, the role of immumty m preventmg reinfection and 
the earner state is by far the more important possible function 

For several decades, statistical epidemiological studies have been made on ob- 
served or reported cases of pohomyehtis and such studies are multipl}Tng at a 
great rate However, conclusions drawn from these studies are based on a whole 
senes of unproved suppositions — some logical, some rather dubious It is pre- 
sumed, for instance, that diagnosis has been accurate and that cases have been 
uniformly reported from all areas and at all times Some concepts of immumty in 
pohomyehtis are derived from such studies, and others are based on still other 
assumptions Some previously held concepts will be challenged and an attempt 
will be made to substitute or suggest alternate hypotheses for some of the present 
weak ones 

The first question I would like to raise is whether a smgle infection, climcal or 
subclinical, produces a lifelong or long-endunng immunity, such as that which 
occurs m measles The second is closely related and can scarcely be separated 
from it does pohomyehtis immunity prevent reinfection and the earner state 
completely, agam as we beheve occurs m measles, or does it sunply modify the 
clmical aspects of infection? 

Because the age distnbution of patients with chmeal pohomyehtis had been 
observed to be roughly similar to that of patients with measles and chicken por, 
it was postulated and generally accepted many years ago that immunity resulted 
from a single infection, apparent or inapparent, and that this immunity endured 
for life Pohomyehtis has been listed m practically every textbook as one of the 
“unmunizmg infections of childhood” Acquued immunity appeared to satisfac 
torily explam the rareness of cases among older children and adults, an explana 
tion accepted m the case of most acute commimicable diseases of childhood 
Proof of this IS available, however, only m those diseases for which two character 
istics may be demonstrated (a) that adults are known to be just as susceptible 
as children if not previously exposed, otherwise immunity cannot be assumed to 
be regionable for a lower mcidence among adults, (b) that persons having once 
had the disease must be observed to remam immune after many years' residence 
m an isolated environment where re-exposure and stimulation of immunity can 
not occur, otherwise repeated, frequent exposure might account for apparent 
immunity This proof is available m the case of measles, mumps and chicken por, 
for there are reliable reports of outbreaks of these diseases m relatively isolated 
“virgm” populations, m which all age groups were equally mvolved Severs^ 
outbreaks of what has been caUed pohomyehtis have been reported m “virgm 
populations (2-5) These also have affected both adults and children 
these were on tropical. Western Pacific islands However, these reports mu^ 
considered with reservations because the infectmg virus has not been isolated or 
identified, hence the disease could have been Japanese B encephalitis or one 
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the many other infections of the central nervous system We have recentl3’- dem- 
onstrated antibodies to Japanese B or other related viruses m sera from natives 
from some of these islands (6, 7) hlost students of pohomyehtis today view these 
reports with considerable doubt about the vahdity of the etiological, diagnosis 
(3) A more recent outbreak on the Nicobar Islands off the coast of India, referred 
to bj’- Pandit, was the subject of laboratory mvestigation but the results are not 
3"et known (8) 

An opportumty has been presented recently m a series of visits to the island of 
Guam to observe or obtam information regardmg an mterestmg senes of out- 
breaks which stimulate thought on this problem Mumps had not occuired m 
some parts of the island for 18 j^ears, and any place on the island for possibly 8 
years American dependants probabty mtroduced the \Trus some time m 1947 
Practicallj’’ every native not previously known to have had the disease, mcludmg 
adults, became infected, accordmg to chmcal or serological observations, the 
latter made m our laborator}'- Those previously infected were immime At the 
same time there occurred an outbreak of Japanese B encephahtis (6, 7, 9) which 
might have been reported eventually as pohomj’-ehtis, as was an outbreak m 1899 
(10), had there not been alert Navy doctors present Unless consultants had been 
called, it might even then have gone on record as an epideimc of mumps menmgo- 
encephahtis Next, measles came to Guam after an absence of 15 years, and simi- 
lar observations to those of mumps were made Children and adults ahke de- 
veloped the disease unless they had had it prenously 

The next mcident to occur on Guam, I consider highly significant Pohomyehtis 
appeared about 6 months ago, but m this instance was manifest almost entirely 
among American children and adults, not among Guamanians as were measles 
and mumps Finally, only four possible cases of pohomyehtis were found among 
the natives (11, 12) Yet, Captam C K Youngkm, Navy Medical Officer and 
Director of the Department of Pubhc Health on Guam has told me that pnor to 
this outbreak he has never been able to find any evidence of paral5i;ic poho- 
myehtis among Guamanians although he has looked for it carefully Before the 
outbreak we had tested serum from the native children for neutrahsmg anti- 
bodies to the Lansing stram of the pobomj^ehtis virus and found them present m 
children much j’-ounger than m the Umted States Every serum of the small 
group then tested, beg innin g with those of 1 year of age, through 4 3’’ears, was 
positn e These same sera have been tested for antistreptob’sm “0”, and high 
titers of this antibody appear at a much earher age than m sera collected m the 
Umted States These laboratory studies will be discussed m more detail later 

Diphtheria infection, too, is present on Guam though seldom recognized clmi- 
cally Jacobzmer (13), through the use of the Schick test, foimd that very few 
children even at 1 to 3 years of age are Schick positive (susceptible) 3 et the dis- 
ease was not recognized and no artificial immunization had been practiced 

In contrast then to measles and mumps, pohom3’’ehtis, diphtheria and beta 
hemol3'tic streptococcal infections, though attacking the population at an earher 
age than m the United States, hai e not died out m this hmited, semi-isolated 
population Possibh' the com alescent carrier stage of these infections accounts 



138 


W MCD HAMMON 


[vOL 13 


for their persistence on Guam This I doubt, however, for the earner states are 
usually relatively bnef, although a veiy few may remam earners of diphtheria 
and streptococci for many months If we presume that acquired immunity re- 
sultmg from infection prevents reinfection and is permanent as m measles, these 
infections should certainly have to die out on Guam, until remtroduced 

Immuni ty to diphtheria has been studied mtensively for many years, jet 
knowledge regardmg the duration of naturally acquired active immuni ty and the 
effect of this i mmuni ty on the development of the earner state is still poorly 
understood It is generally accepted for diphtheria that many Schick negative 
(unmune) persons can become reinfected and so serve as earners Both antitonc 
and antibacterial i mmuni ty are probably mvolved, the latter very inadequatelj 
studied The most apparent function of immuni ty m this infection is protection 
agamst climcal manifestations, prmcipally due to the toxm Most healthy earners 
have antitoxic immumty Duration of this naturally acquired unmumty without 
stimulation by reinfection is not well defined, but there is at least one record of a 
large number of children who became Schick negative as a result of infection (not 
artificial immunisation), revertmg to the Schick positive state m 4 years (14) 

Much less IS known about mmumity m streptococcal infections and the prob 
lem IB greatly compheated by type specificity and the many types of demon 
strable antibody, but, m general it is conceded that immumty may not prevent 
reinfection and the earner state In all probabihty, m diphtheria and m strepto- 
coccal infection, immunity is quite variable, tends to be temporaiy and is renewed 
by reinfection It is also probable that certam levels of imm unity, though ade- 
quate to modify disease, are not adequate to prevent infection By inference, from 
the example of Guam, let us substitute for the hjqiothesis of permanent complete 
immunity for pohomyehtis, as m measles and chicken pox, one which holds m 
stead that pohomyehtis immuni ty resembles that of diphthena and streptococcal 
infections Are there data which would mvahdate or further support this hy 
pothesis? 

Age trends m disease may be affected by many factors, mcluding age of sus- 
ceptibihty, age of exposure, and the duration of immumty Therefore, one source 
of data m regard to duration of immumty may be the study of age trends Let us 
consider briefly what comparisons with measles, diphtheria and streptococcal 


infection may contnbute 

It has been pomted out repeatedly by Frost (15) and Aycock (16) that the 
modal age of pohomyehtis is generally higher m rural than m urban areas CoUms 
has pomted out that pohomyehtis occurs earher m the children of low mcom 
famihes than those of the well to do (17) DouU (18) appears to have first pomted 
out that pohomyehtis together with diphtheria and scarlet fever occurs at an 
earher age m the southern United States than further north, also at an eaAer 
age m the tropics Others smee then have also pomted out this trend 
We have been carrymg out statistical studies recently m respect to the hortn 
and the South m the Umted States, exammmg race, population density and other 
variables At their present stage these studies (23) confirm the earher ojf 
tions, suggestmg that climate per ee is one of the factors which influences t e ag 
at which pohomyehtis infection is acquired 
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Numerous students of poliomyelitis from several different parts of the v orld 
have recently pomted out that a shift has occurred m the age distnbution m their 
area smce the earlier decades of the century It is pomted out that a much higher 
proportion of cases now is reported m the age groups over 5 than formerty This 
trend has also been apparent m California, on the basis of some of our studies (24) 
However, not aU eiudence supports this (25-27) Increased reportmg of non- 
paralj’tic cases, which are more common above 5 3 "ears, and changes m the age 
composition of the population may accout for aU of the changes But, whatever 
the variation maj^ have been m the age distribution of pohomyehtis, it is probably 
true that an earlier modal age mdicates more rapid spread of the nms m the 
community, leadmg to earher immunity If unmimity is complete and permanent 
the susceptibles are rapidlj* exhausted and the rates will faU rapidly m older 
children as m measles If immunity is relatively temporary and the earner state 
not prevented, it will be constantl}'' renewed b 3 ’' reinfection, where spread occurs 
most readily, but ma 3 ’' wane and lapse where a number of years occur between 
exposures Such conditions of w anin g immimit 3 ’’ m some can be postulated m 
areas where the greatest number of cases is reported as occurrmg m late childhood 
and among adults Now let us examine which of the other diseases of childhood 
most closely follows the observed age pattern of pohomyehtis 

Measles has always shown a higher age m rural than m urban areas (16, 28) 

I can recall no studies made on the relation of economic status to age of measles 
IMeasles has not been shown to occur at an earher age m the Southern States 
nor m the tropics (18, 23), m fact, with the decreasmg densit 3 ’’ of population m 
most southern and tropical areas measles has shown the opposite age trend to 
that of pohom 3 ’’ehtis 

Some of oiu graduate students have been assigned the project of stud 3 ang the 
age trend of measles m certam states smce the earl 3 ’’ part of the century, to see 
if any change could be noted Data have been difficult to obtam, but it appears 
that the only trend that can be noted is towards a greater concentration of cases 
at 5 or 6 3 '’ears, the prenous mode, probabl 3 ’' due to better reportmg m school age 
groups There is thus no observable change to a younger or to an older age 
For diphtheria there is also good evidence for its earher attack m urban than 
m rural areas (18, 28) The Schick test has also added to this evidence (29) 

In contrast to measles, diphtheria shows the same trend as pohomyehtis m 
respect to latitude and chmate (18, 30, 31) Despite the decreased densit 3 ’' of 
population m southern states and m the tropics, the age at which observed infec- 
tion occurs IS lower, and the Schick test becomes negative at an earher age (18, 
30, 32) It was pomted out before that this early change of the Schick test had 
occurred on Guam (13) It should be noted as a further parallel that chnical 
diphtheria, like clmical pohom 3 'ehtis is observed less frequently m the true 
tropics, despite the more rapid dissemmation of the infectious agent 

In respect to changes m the age distribution of diphtheria over a penod of man 3 ' 

3 ears, httle can be learned from Amencan records, because artificial immuniza- 
tion has seriousl 3 ' disturbed the pattern 
Smce streptococcal infections may also behave m a similar wa 3 to diphtheria 
and pohomyehtis and smce artificial immunization has been practiced to such a 
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negligible eirt^nt, the parallels here may be studied more completely Urban and 
rural comparisons of scarlet fever, by reported cases (28) and by Dick tests (33) 
closely parallel those of pohomyehtis and diphtheria 

Zmgher (34) has pointed out as a result of Dick test surveys that there are more 
susceptibles among children of the well-to-do than among those of the lower 
mcome group, another parallel to pohomyehtis (17) 

From many sources— Brazil (31, 32), Afnca, (35, 36), China (37), the Phihj)- 
pmes (30), and the Umted States (18, 38), it has been observed that m general, 
m the warmer or tropical chmates, Dick tests become negative at an earlier age 
than m the more northern areas Despite the fact, then, that chnical streptococcal 
infection is less common m areas of hot climate, we have mdirect evidence that 
under these conditions there is m general, earher and more rapid diEsemination 
of streptococcal infection This evidence is of course based on the vahdity of 
mterpretmg a negative Dick test as an immune response Such an interpretation 
IS accepted by most workers m this field, but is not accepted by all Mortality 
and morbidity data also support this, smce the percentage of deaths and cases 
reported due to scarlet fever under 5 to that over 5, is higher m those warmer areas 
as where such compansons have been made (16) 

Not havmg found any analysis of scarlet fever age trends m the northern 
Umted States, covenng a penod of many years, we have recently made a brief 
study of this 

Coimecticut and Massachusetts are the only states where we have found ready 
access to annual scarlet fever morbidity reported by smgle years of age up to 10 
In Connecticut (39) from 1924 to 1945 there has been no change in the modal 
age — alwa 3 m a peak at either 6 or 7 years of age In Massachusetts (40) the modal 
age IS 6 from 1932 through 1940 It was the same m Maryland from 1908 to 
1917 (28) Thus, based on one crude method of exammation no changmg trend 
IS noted New Jersey (41) reports for cases by five-year age groups have been 
exammed about the census years 1920, 1930 and 1940, employmg reported cases 
for the census year, the year before, and the foUowmg year Usmg age specific 
morbidity rates (table 1), and exammmg the ratio of the rate from 0-4 years to 
that of all ages above 4, the ratio was found to mcrease with time from 2 2 m 
1920, to 2 5 to 3 5, mdicatmg that reported cases are now more concentrated 
below 5 years than above Mortahty data (table 2) show no change between 1920 
and 1940, the age ratios for the three census penods bemg 9 9, 9 6 and 10 0 re- 
spectively Mortality records are certainly more accurate than morbidity, but 
they do not necessarily give the same information Cahfomia’ statistics pomt to a 
lower age for reported scarlet fever m recent years These morbidity statistics 
fail to conform with the generally held opmion of the pattern of pohomyehtis, 
but we must recall that conclusions drawn on the basis of such data are found 
on a long senes of assumptions of a very treacherous nature, and that certom 
careful mvestigators have pomted out hidden errors m some of the pohomyehtis 
data (25-27) It should be recalled also that scarlet fever may not be representa- 
tive of all group A beta hemolytic streptococcal infections 

* Tabular data received through the kindness of Miss Geraldine Edwards of fbe Cali 
forma State Department of Public Health 
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The difficulties encountered in interpreting morbidity and mortahty statistics 
force us to seek e^^dence of a more direct and satisfactory nature This it ■was 
felt might possibly e'Yist m a serological test At our request, Dr Nell Hollinger 
of the School of Pubhc Health has been kind enough to run tests for antistrepto- 
lysm “0” on sera which we collected for pohomyehtis antibody studies 

TABLE 1 

Twenty year scarlet fever morbidity trend— New Jersey 


THUX YEAS FEEIODS 



191WP21 

1929-1931 

1939-1941 

Population* 




0-4 jears 

338,696 

329,668 1 

256,264 

5-i- years 

2,817,204 

3,711,666 

3,903,901 

hlean casest 




0-4 years 

1,277 

1,350 

1,482 

5-f years 

4,806 

6,048 

6,448 

Rates per lOOOt 




0-4 years 

3 8 

4 1 

5 8 

5+ years 

1 7 

1 6 

1 6 

Ratio of rates 




0-4 5+ years 

2 2 

2 6 

36 


• Population of census years, 1920, 1930, and 1940 
t Cases based on 3-j ear average 


TABLE 2 

Twenty year scarlet fever mortality trend — New Jersey 



thttt: yZAX PEEI0T>S 

1919-1921 

1929-1931 

1PJ9-1WI 

Population* 




0-4 years 

338,696 

329,668 

256,264 

6-i- years 

2,817,204 

3,711,666 

3,903,901 

Mean deathsf 




0-4 3 ears 

73 

28 7 

6 9 

5-f years 

61 

33 6 

9 1 

Rates per 100,000 




0-4 jears 

21 6 

8 71 

i 0 23 

5-f years 

2 2 

0 91 

0 2 

Ratio of rates 




0-4 5-f 3 ears 

9 9 

9 6 

10 0 


* Population of census jears, 1920, 1930, and 1940 
t Deaths based on 3-year average 


The true significance of antistreptolysin is still unknoivn but m general, “the 
age of distribution of antistreptolysm is smmlnr to that of naturally acquired 
diphtherial and scarlatinal antitoxm” (42) It is transmitted from mother to 
infant and graduaUj'- decreases m the infant (43, 44), as occurs also inth antitoxm 
Hon ever, antistreptolysm is not the same as antitoxm (45) The titers tend to 
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remain at a fairly constant level untfl a streptococcal infection occurs, then it 
rises much higher withm 18 days and remams elevated for weeks or months (44) 
It has not been used extensively before for this type of survey work The technic 
used m the test is that of Hants (46) Results available at this time on the first 
500 sera of our senes to be tested have been analyzed for this preview, evai though 
over a thousand sera remam to be exammed Equal numbers of serum specimens 
were collected from children at each smgle year of age, beginning at different age 
levels m different places, dependmg on results of earlier small samples tested for 
pohomyehtis antibody In order to smooth out irregularities still present because 
of the relatively small numbers tested so far, the figures given are the result of 
applymg the well known cumulative method of Reed and Muench for determin 
mg a 60 per cent endpomt (47) In this instance the age at which 50 per cent of 
the sera would have antibody has been roughly determmed Usmg 100 units or 
above as an arbitrary level of antibody, for division m two groups, the foUovnng 
results were obtamed (table 3) In San Diego, Califomia^, a soufiem city, 50 per 

TABLE 8 


Affe of devtlopmenl of anttstreptolynn "0”* tn sera of normal children 



ABKA Ain> KOKOMIC LTVn. 


Sfts Diego 

BiJuxvfield 

Ten* 

Mexico i 
City 

Gun 


Upper 

Lover 

Upper 

ixjwer 

Mixed 

Mixed 

Ulsd 

Age m years by which 60% 
develop antibodies 

5-7 

4-5 

6-7 

3-4 

5-6 

3 

2 

Number of sera tested 

68 

81 

109 

39 

90 

76 

36 


* Antistreptolysin titer of 100 units or more 


cent of the children of the upper mcome famihes attamed this titer between the 
ages of 6-7, while m the lower mcome famihes it was between 4-6 years What 
this "economic” factor is we will not discuss just now, but you will recall that m 
studies by Collins (17), this was shown to correlate with pohomyehtis age dis- 
tribution and the same had been revealed by the Dick test (34) In Bakersfield, 
Cahfomia*, over 200 miles further north but m the San Joaqum Valley where 
there are high summer temperatures, the upper mcome group paralleled San 
Diego, the 50 per cent age falling between 6 and 7, while the lower mcome bracket, 
representmg here both whites and Mexican famihes m “shanty town", fell be- 
tween 3 and 4 years, one year below San Diego where white Anglo-AmencaM 
only were mcluded A group from central Texas*, mixed mcome bracket, e 

< Sera collected by members of the staff of the San Diego City and County Health De 

partment. Dr Alex S Lesem, Director j u, rir 

‘ Sera collected by Dr W C Buss of the Kern County Health Department and W 
John Forney, with the assistance of AGss Mary Huston, R N , Dr C I Mead an 

• Sera sent by Dr J V Irons, Director of Laboratones, Texas State Health Departmen 
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betw een 5 and 6 j^ears, a mean of the high and low mcome groups for the other 
two southern areas No senes has been completed for the more northern San 
Francisco Bay area, but from evidence m Rantz’s work, it is expected to be 
definitely higher In Mexico City^ a relatively high tropical city, the 50 per cent 
age IS 3 years, and m Guam 2 j’-ears We thus have preliminary evidence of an 
immunologic or serologic nature that streptococcal infection occurs at a very 
early age m the tropics, though the disease is seldom observed, and that infection 
spreads less rapidly m the more northern areas where much more disease is 
manifest 

The immunologic, clmical age, geographic and socio-economic parallels be- 
tween pohomyehtis, diphthena and streptococcal infections thus become even 
more closely estabhshed We wiU examme those for pohomyehtis and strepto- 
coccal infections more carefuUj’', later, m a smgle chart 

Up to this pomt I have attempted to avoid references to expienmental labora- 
tory, and serological evidences of immuni ty m pohomyehtis Before tummg to 
the laboratory, let us refresh our min ds on the proposed hypothesis Immunity 
IS temporary, its mamtenance depends on repeated infections, it may not prevent 
reinfection, though it probably does modify chnical response, the healthy earner 
state IS common among “immunes” This is put forth as an alternate to the older 
hypothesis of permanent imm unity against disease and the earner state, from a 
smgle infection Based on statistical observations and “shoe leather” epi- 
demiology alone, without reference to laboratory tests m so far as pohomyehtis 
IS concerned, this proposed concept appears to explam findmgs at least as well 
as the older one At this stage neither should be rejected completely m favor of 
the other 

Now let us see if the laboratory can offer some help m these problems of 
immiimty and epidemiology m pohomyehtis Soon after the monkey was found 
to be a susceptible experimental animal, neutralization tests were performed with 
human and monkey serum Aycock and others employed this tool m epidemiologi- 
cal studies, usually usmg one monkey per serum sample This tool was crude and 
the studies were limited by the cost of monkeys Yet, conclusions drawn from 
this work have been supported and confirmed by the later and much more ex- 
tenswe studies usmg large numbers of mice m each test and the Lansmg stram 
of VITUS It was observed m the course of the early studies that the proportion 
of persons with antibodies mcreased with age and did so more rapidly m urban 
than m rural areas (48) Also, that if the maternal blood contamed antibodies, 
serum of the newborn infant also contamed antibodies (49) These disappeared 
by the time the infant reached six months of age Although clmical disease 
occurred less frequently m southern states, infection occurred just as frequently 
(50) In other countnes and on relatively isolated islands it was found that blood 
serum of adults regularly contamed antibodies (51) Results of these surveys 
paralleled m a general way those of history survey’s of infection m measles and 

’ Sera collected bj Dr Gerardo Varela, Director, Institute of Hj giene and Tropical Dis- 
eases, Mexico City, and arranged for bj Dr Wilbur G Downs, International Health Divi- 
sion, Rockefeller Foundation 
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as mentioned earlier, of negative Schick and Dick tests in diphtheria or strep- 
tococcal infection 

Those vho performed these neutralization tests for pohomyehtis usuallj 
mterpreted the results to mdicate that specific immumty had resulted from 
mfection However, others, mcludmg very capable mvestigators, considered 
these pohomyehtis neutrahzmg “antibodies” to be entnely nonspecific or due 
merely to maturation ’ These latter opmions grew to a large degree because a 
correlation between antibodies and clmical infection could not be obsen-cd 
Convalescent and normal persons both had antibodies and usually of equal 
titer Antibodies were found m the blood of people m areas where the clinical 
disease had never been observed Still more significant appeared to be the fact 
that with few exceptions results of serologic tests at the onset of dlnpw usually 
were just exactly hke those at any time durmg or after convalescence In most 
instances all serum samples from the infected patient either failed to neutralue 
or were positive These observations differed greatly from those in other viral 
diseases associated with demonstrable serum antibodies So, results, which seemed 
almost mcompatible with specific response to infection, yet had much to suggest 
that they were the result of infection, were then mterpreted by some to be due 
to differences m “strams” of virus — one group suggesting that the ongmal 
“human” stram changed m the laboratory by monkey adaptation, another that 
fundamental immunologic differences, mdependent of the senes of monkey pas- 
sages, existed between the stram used m the laboratory and that infectmg the 
patient In other words this latter group considered that the test as usually 
performed was like usmg a laboratory stram of Western equme vmis when dealmg 
with cases of Eastern equme or St Louis encephahtis Some support for this 
mterpretation was obtamed from time to tune and withm recent years the en 


dence for it has become very convmcmg 
Smce the very important contnbution of Armstrong (52, 53), by usmg the 
mouse-adapted strams of virus, the earlier, more limited work has been widely 
extended and confirmed Doubts are still expressed regardmg some mterpreta 
tions, but considermg all the results, the specificity of the test and its usefulness 
as an epidemiologic tool have been generally accepted and, m my opmion, nghtly 


so For years, the use of the I-ansmg stram was challenged It was called “atypi 
cal” and a stram from which conclusions about pohomyehtis could not be drawn 
safely However, when the MEF-1 (54) the Phihp (55), the W W (56), and the 
Wallmgford (57) strams were isolat^ and the Yale S-K stram adapted to mice 
and typed (58), and when all were shown to be immunologically identical to the 
Lansing stram and all were cotton rat and mouse adaptable, many misgivings 
lost their reasonable basis Most workers feel now that the Lansmg type viruses 
do produce clmical pohomyehtis m man m many parts of the world, in addition 
to producmg mild mfection and antibody The Lansmg type virus has fin y 
been granted a dignified and honorable position among other pohomye i is 
vmises, even though stigmatized by rodent pathogemcity (59) ^ 

To trace the past of antibody studies m our laboratory at the Hooper Foun 
tion, let us begm with a report of Lansmg neutralization tests on acute an 
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com'alescent phase serum from 23 patients m Washmgton and California m 
1941 and 1942 (60) Prior to these dates, serologic tests on paired serum specimens 
had been reported m only smgle cases or smaller groups Development of anti- 
bodies or rises m titer vere detected m 10 of our 23 cases Cautious, but over 
optimistic conclusions vere drawn “The practical application of the mouse 
neutralization test as a laboratory diagnostic method is obviously limited As 
to the apphcation of this test to population surveys, it seems probable that it 
will sen e m the same v ay as has the monkej’’ test and possesses no advantages 
other than those resultmg from economy ” This report has remamed umque 
and for reasons which v ill soon become obnous was probably considered by man}’- 
to have mvolved some error m technic, but the results had been checked and 
double checked before they were published Shortly thereafter. Turner and his 
co-workers (61) from Baltimore reported a much larger series composed of 64 
pairs of acute and convalescent sera Members of this group titrated the serum 
more completely and presented a detailed companion paper (62) emphasizmg 
the reliability of the test as the}^ performed it These mvestigators did not find 
significant changes between the titers of acute and convalescent sera The results 
subsequently reported by Brown and Francis (63) m 74 cases were similar to 
Turner’s hleanwhale, we made tests on paired sera m 102 additional cases and 
once agam reported the results (64) and more recently Pait, Kessel and Grossman 
tested parrs of serum from 70 cases (65) This time our results, and those of Pait, 
Kessel and Grossman, agreed -with those of Turner, Brown and Francis To us it 
appeared ob-vious that, except for part of our original senes, the results reflected 
an immunologic difference between the Lansmg stram used m the test and the 
stram of -nrus that had mvoked the illness However, in our report we expressed 
certam misgmngs regarding the significance of some of the antmral activity of 
certam human and animal sera By then more information was available to 
support the multiple stram hj^pothesis, notably that from Kessel’s group (66) 
and an earlier verj’- complete and con-vmcmg re-view by Aycock (67) 

At the same time that our last series of tests of patients’ serum was earned out, 
we reported antibody tests on a relativelj’^ large senes of monkeys infected m the 
laboratory -with various strams (64) Only those infected -with Lansmg, the 
jMEF-l and one other -virus from Nebraska (human cord material which could 
not be adapted to monkeys) produced antibodies protective against the Lan- 
smg stram These results added e-vidence for the stram specificity of the test m 
monkej s at least 

Even before this, we were con-vmced that, if durmg infections -with most t 3 ’pes 
of pohomj’-ehtis -virus, antibody changes occurred m man, they would have to be 
demonstrated bj"- usmg -virus of the same immunologic t 3 Tie as that responsible 
for the infection We had, therefore, begun a long term project aimed at clarif 3 'ing 
this fundamental and crucial problem Prehmmaiy results of this, after 3 years 
of work, have been reported recently (68) 

Stools and acute and com alescent phase serum were collected m over 50 cases 
of paral 3 iic pohom 3 ’ehtis Virus was isolated from many of the' stools, and as 
man}’^ strams as possible were sufficient!}’- adapted to the monkey by serial passage 
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to permit performance of a satisfactoiy neutralization test with monkeys Anti 
bodies against the homologous stram increased m all but one instance in the small 
senes which was finally completed Unfortunately, this project was beset bj 
many unforeseen obstacles Most of the twenty-some strains isolated in the three 
outbreaks studied never became sufiSciently pathogemc for the monkey to be 
suitable for neutralization tests Two monkey “fammes” occurred and most of 
the monkeys obtainable on the West Coast, it appears m retrospect, were those 

TABLE 4 


Monkey neuirahzaiion tetts vn(h acute and convalucent phase sera from patxentt, tested 
against homologous mrusea isolated from the same patients 


PATIENT 
AJTO VIKU8 

EETOLTS* 
UONEET SElTnt 
CONTI OLS 

PAimn’i SE»A 

Acnte 

Convilesceiit 

PtyB After 
onset 

Senun 

ditadoa 

Results* 

Dsys After 
onset 

Serum 

dHutloa 

ReidU* 

4 

4/4 

6 

Undil 


74 

Undil 

0/2 




1 6 



1 5 

0/2 




1 25 



1 26 

0/2 




1 125 


i 

1 125 

2/2 



! 

1 625 


j 

1 625 

2/2 

5 

3/3 

4 

1 6 

1/2 

24 

1 5 

0/4 




1 25 

2/3 


1 26 

3/4 

6 

4/4 

4 

1 3 

0/3 

80 

1 3 

0/3 




1 15 

3/3 


1 16 

0/3 




1 76 

1/2 


1 76 

0/3 

7 

4/4 

4 

1 3 

0/3 

46 

1 3 

0/3 




i 15 

2/3 


1 15 

0/3 




1 76 

3/3 


1 76 

0/3 


* Numerator represents number of monkeys developmg paralysis and the denominstor 
the number inoculated 

Table adapted from Hammon, W McD and Roberts, E C Serum neutralmng anti 
bodies to the infecting strain of virus in pobomyelitis Proc Soc Exp Biol Med > 
256-258, 1948 

which laboratory workers nearer the source had discarded as unfit for use they 
were still less fit when they amved in San Francisco 
Sera from the first three patients were tested as we ordinarily test for anti- 
bodies when workmg with the encephahtis viruses, the standard method used to 
that time with pohomyehtis virus The undiluted serum was mixed with 20 per 
cent monkey cord suspension and sometimes with an ultracentnfuged concentra e 
of fRis when the pathogemcity of the strain was low In such tests serum obtain 
during both the acute and convalescent phases completely neutralized the virus 
We were surprised by these results, so we repeated the tests until there was no more 
serum The results were confirmed All suggestions m the literature were 
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effect that antibod}’’ formed slowl}’ m the monke}’, and probahlj’’ m man Why 
then, if we had the right immunologic tj^ie of %nrus, did the patient have antibodj^ 
at the onsel of illness? 

In the ne vt four cases (table 4) serial 5-fold dilutions of serum were tested 
Here it was gam obsen'ed that each one of the samples obtamed durmg the acute 
phase cental led antibodies, but m 3 of the 4 mstances, antibody was present 
in lower titer than m serum drawn later 

Finall}', by this experiment the fact appeared to be established that m man 
neutralizmg antibodies do mcrease as a result of infection TFe, at least, were not 
convmced m respect to this pomt imtil completmg these tests The reason all our 
patients exhibited antibodies so earl}’- m the course of the disease still remains to 
be found But, m this respect, poliomyelitis is parallel to Western equme and, to 
a lesser degree, to Japanese B encephalitis as these infections occur m horses and 
man In these two other neurotropic mrus infections antibody can usually be de- 
tected m significant titer m the first serum specimen 

Ha\Tng heard that Steigman and Sabm had recently made tests on human 
serum by a method somewhat similar to one used m our senes, I asked for an 
opportmuty to see their results and Dr Sabm was kmd enough to send an abstract 
of a paper which had just been read (69) Out of 9 cases studied, antibodies were 
demonstrable m the first serum m all but two cases, but a nse m titer was found 
m all durmg the acute phase of disease, thus confirmmg our findmgs They also 
found that many of the strams of nrus isolated were unsmted for tests of this 
tjqie m monkej’-s, smce the paralytic rates which they produced were exceedmgly 
low 

All of this work lends great assistance to the mterpretation of the many 
mcomprehensible results prenously reported on the development or lack of 
development of neutrahzmg antibodies m human serum durmg the course of 
infection It now appears clear that antibodies are at least partiaUj'- stram- 
specific or tjqie-specific, usually develop early m the disease or are already 
present m low or moderate titers at the time of exposure, o-wmg to a premous 
infection 

Tests made -with labora-tory strains from other cases as routmely performed 
m the past cannot be expected to yield comprehensible results Neither can it 
be assumed that a virus isolated from another patient m the same outbreak -will 
be satisfactorj’- (70), for several strams may be and probably are active m many 
epidemics 

Results of these recent monkey neutralization tests help to clarify the reason 
why a number of capable mvestigators were so puzzled by their own results and 
were led to believe that neutrahzmg antibodies for pohomyehtis -viruses were 
entirely nonspecific and meanmgless 

Now that we can safely assume that antibodies to the Lansmg -vinis result 
from a pohomyehtis infection let us see what antibody tests can contribute to 
comparmg the trends of pohomyehtis infection with those of scarlet fever and 
diphtheria 

So far the population of no region m the world has been found free from 
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poliomyebtis antibody, although m some of these areas clinical poliomjehtis lias 
not been observed or has been only rarely observed Nei ertheless m a number of 
such areas Amencans or Europeans have developed the disease mth a notable 
escape of the mtimately associated natives This strongly points to the likelihood 
of nmnunity on the part of natives Gear (71) has reported rarely findmg cases of 
poliomyebtis among natives of tropical Africa, although high rates might occur 
m vfhites In one area completely free from cases, he demonstrated antibodies 
m the natives, then virus m the feces of a few, provmg that infection is actiie 
among them even though completely inapparent Three out of nme children 
tested by Gear were excretmg virus when tests were made' This closely parallels 
the tropical situation for diphtheria and streptococcal infection 
Sabm (72) has mentioned that he and Young have tested about 300 sera from 
children of the Far East for antibodies to the Lansmg stram and found that 
antibodies developed earber there than m Cmcinnati and earber than m a normal 
group of Baltimore negroes tested by Turner and associates We collected sera 
from some of these same Far Eastern areas, also from Guam, Kwajalem, Amer 


TABLE 5 

Age of development of Laming neutralizing antibodies* in sera of normal children 


AMA AND Ecosomc UVU. 



S&Q Diego 

Ba]cert£eld 

San 

PrnnoAco 

Tms 

Mexico : 
City 

Goia 


Upper 

Lower 

upper 

Lower 

Lower 

MJitd 

ICied 

IGirf 

Age m years by which 60% 
develop antibodies* 

6-7 

6-6 

7-8 

4-5 

lo-n 

■ 

2-6 

<1 

Number of sera tested 

70 

' 61 

[ 

92 

92 

1 

65 

84 

1 

81 

84 

1 


* Lansmg Neutralizing Antibodies Neutralization 10 to 100 LDw or more 


lean Samoa, Mexico and several cities m the TJmted States to attempt to test the 
correlation of age of developmg neutrabzmg antibody with the age of reported 
infections Tests on over a thousand of these sera are still mcomplete but a prevue 
of 635 will be offered here (table 5) It appears from these partial results that 
antibodies develop much earber m the tropical Pacific Island of Guam (oier 50 
per cent positive at 1 year of age) than m northern Umted States particular!} 
San Francisco (50 per cent age m the low mcome group between 10 and ll)i 
and it also appears that m California antibodies develop earber as one proceeds 
south smee m Bakersfield and San Diego the upper mcome group has a 50 per 
cent age for antibody between 6 and 8 and the lower mcome groups between 4 
and 6 Where reportmg of cases occiurs this age distnbution correlates v ery closely 
mth the age of the recognized and reported cases We reviewed these ages 
recently for 4 California cities (24) 

In the tropical Pacific Islands where the disease appears to be eery rare, 
antibodies appear very early I bebeie we maj assume that infection m ^ 
areas occurs at an extremely early age, and disease, if it occurs at all, is co u 































1949] 


ntMUNTTV LX POLIOUVELITIS 


149 


■mth man}' other ailments of infanc}'- Pohom3'elitis may even be responsible for a 
certam amount of the high infant mortality rate In any case, the association of 
age of infection V here known, and the age of developmg antibodies to the Lansing 
^ inis appears to be excellent 

XaxI, let us note the correlation betn een the age of infection and the economic 
status of the family The antibody tests m San Diego and Bakersfield support 
well the family surv’^ey findings reported by Collms (17) Infection develops 
earlier m poor families Family size is quite possibly a contnbutmg factor of the 
economic complex 

Now, let us examme further the correlation of this emdence of an immune 
response with that of antistreptolysm Chart 1 presents the results of tests m 
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CHART I 

LANSING NEUTRALIZING ANTIBODIES AND ANTISTREPTOLYSIN 'O" 
IN SERA OF NORMAL CHILDREN 

Area and Economic level vs. Age 50 Per Cent 
Develop Antibodies 



CPoConyeHis-neut 100 LD^ 

H Antistreptolysin - 100 
units or more 


Area and Economic Level 


each area and each economic group with antigens of the two infectious agents 
The correlation by age, by place and by economic status is most remarkable If 
the results contmue to bear this relationship when these and additional senes 
on hand have been extended as planned, it would appear highly probable that 
so many correlations mdicato similar epidemiologic patterns, mcludmg the effect 
of immunity on the carrier state and on its duration It is not mtended to infer 
that the streptococcus and pohomyehtis are etiologicaUy related, m fact this is 
entirely contrar}’' to our mterpretation of the data as wdl be pomted out m 
detail m subsequent analysis 

Now let us consider what role neutrahzmg antibody plays m the immumty of 
man I have the temerity to refer agam to the arthropod-bome encephahtis 
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viruses, mth which we have had more expenence and have developed most of 
our technics This is done despite sharp verbal cnticisms recened in the past 
from some workers to the effect that the pohomyehtia virus is so entirely different 
that to suggest parallels with another neurotropio virus is misleading and con 
fusmg This criticism, for the most part, preceded the enlightenment regaiding 
the real significance of neutrahzmg antibodies and was made at a time when 
type differences, which have long been recognized m the encephalitides, were not 
so well established for pohomyehtis At the moment, it appears quite significant 
that every one of the immunologic technics, tests, and devices used in encephalitis 
studies is bemg employed to advantage in pohomyehtis, mcludmg immunization 
with formahnized or live vaccmes, then cross challenge, quantitative serological 
test of several types, even mcludmg complement fixation, and m addition, 
flLOCculation (a recent development by Dr E C Roberta m our laboratoiy) 
These developments have come m a large part through the work or ideas of 
several mvestigators working simultaneously or previously with other types ol 
neurotropic viruses 

For the arthropod-borne viral encephalitides there is considerable reason to 
bebeve that neutrahzmg antibodies play an important role m the immunity 
mechanism Here the virus is mtroduced mto the blood or tissue spaces, where 
it may be inactivated by serum antibodies, probably before it comes m contact 
with susceptible cells. Furthermore, passive serum immunity to experimentally 
produced infection by an exact reproduction of the natural route has been 
demonstrated 

In pohomyehtis, evidence of the role of antibody m immunity is as yet in 
complete It is difficult to be certam that the normal or “natural” route of entry 
or penetration of pohomyehtis virus has been determmed, hence it cannot yet 
be stated with assurance that infection by the “normal” route has ever been 
reproduced m laboratory animals Furthermore, it cannot be assumed with 
certamty that any laboratory annual is regularly most susceptible to infection 
through the same portal as man. The erroneous conclusions drawn after dropping 
virus m the nose of monkeys should remam fresh m our mmds Without knowing 
the route of mvasion we cannot reason logically regardmg the bamer that anti- 
body may present to virus Some, now bebeve that the infection mvoked by 
feedmg virus to chimpanzees serves as a true rephea of normal human infection. 
However, these chimpanzee feedmg experiments by Hopkms and Yale workers 
(73, 74) and similar studies with baby monkqys (75) are the best available at the 
moment and may serve as the basis for some conclusions about the immunologic 
mechanism, and, for cautious reasonmg, with regard to what may happen ffl 
TTiftu After the feedmg of any of several types of pohomyehtis nnis to chim 
panzees (74, 76) and of one type to immature monkeys (77), typ^specific 
neutralizing antibodies developed promptly After a reasonable mterval the virus 
was shed m the feces for days or weeks, even though the animal showed no si^ 
of illnesE In the baby monkey, at least m those m which paralysis acco^wM 
the infection, antibodies were present by the time paralysis ’ 

though it customarily develops much more slowly m animals moculatco m 
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cerebrally This same early antibodj' formation, it should be recalled, -nas re- 
vealed m our tests on normal human paral 3 ’tic infections (68) The chimpanzees 
and monkeys, although now endowed with antibodj'- from infection with the 
ongmal virus stram, when fed a different immunologic t^^ie of \Trus agam became 
carriers However — and this would appear to be the significant feature — ^these 
animals, when fed the same tjTie of \Trus, withm a few months, did not agam 
pass iTTus m the feces, with only one exception (76), suggestmg that they were 
immune to reinfection At the moment, there seems to be no way to determine 
whether antibod}’’ played any part m preventmg infection or mterfenng with 
virus fed to these animals m their food However, m man the antibody' found m 
nasophaiyngeal secretions might play such a role 

Amos and Tajdor (78) m 1917, and Howitt m 1937 (79) presented evidence 
for neutralization of pohom 3 "ehtis virus b 3 ’- human nasal, mouth and phar 3 ngeal 
washings, and other studies have also been made on this problem This neutrahz- 
mg substance has recently been restudied by Bell (80) and finally identified by 
him as specific antibod 3 ’- One may readily speculate on the effect of this antibody 
found m man, vhich is so strategicall 3 ’’ placed m the mouth, throat, and nose, 
bathmg the mucous membranes where the virus may have first contact or may 
actually penetrate or find receptive cells 

One may also speculate as pomted out by Bell (80) regardmg the effect upon 
the virus which is bemg discharged from these mucous surfaces durmg the early 
stage of infection as such antibod 3 ’' develops durmg the course of primai^' infec- 
tion Development of antibody may explam the earl 3 ’- disappearance of virus 
from the throat, and thus control this source of infectious material The fact that 
virus persists m the throat for only a vei^’’ short time is well established 

Is there such a mechamsm m the mtestinal tract at a lower level, or do these 
antibodies from the phamyx pass on mto the mtestmes? This has mterested us 
the past several years, under stimulation of the extensive bterature on copro- 
antibody for cholera and bacillary dysentery The pohomyebtis bterature is 
remarkably silent on this subject Details of our experiments of the past several 
3 ’-ears cannot be presented here but a few facts appear to have been established 
Extracts of feces of normal monkeys have failed to neutralize Lansmg virus, 
consistently After estab lishin g; this, the hlEF-l stram of virus which is identical 
immunologically to Lansmg virus, was used to moculate a senes of monke 3 ^ 
mtracerebraUy This passage material had not been mouse adapted Extracts of 
monkey feces collected at 8 and 15 da 3 ’’s after paral 3 ^s have shown m repeated 
tests a protective effect of 1 5 to 2 logs agamst Lansing \Trus It appears therefore 
that some substance with antiviral activity does appear m feces of monke 3 ’'s 
moculated mtracerebraUy with lMEF-1 stram of virus It remains to demonstrate 
whether this is, or is not, antibody It is entirely too early to draw any conclusions 
about man from these results but it suggests that the feces of man deserve 
examination 

Morgan has furnished us with some of the best experunental evidence for 
correlation of immunit 3 ’- and antibody By grvmg monkeys a senes of mtra- 
muscular moculations of hve virus, she has shown a veiy^ convmcmg correlation 
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betT\ een the lex^el of serum antibodies and the resistance to intracerebral inocula- 
tion (81), just as she had shown a similar correlation with one of the encephalitis 
vmises (82) It may be recalled however, that m some of the chmcal cases m 
which we studied the antibody nse by monkey neutralization test with homolo- 
gous ATTUS, antibodies were readily demonstrable before paralysis, yet the disease 
progressed to the paralytic state (68) This may sunply mean that at that time 
the antibody titer was not high enough to protect However, as an mdication 
that other mechanisms may be mvolved let us note that back in 1936 Sabin and 
Olitsliy showed that convalescent monkeys were resistant to reinfection by the 
mtranasal route before any serum antibodies could be demonstrated (83) They 
also pomted out certam other facts which did not correlate antibody mth un 
munity to expernnental disease Further study of this problem is necessaiy but 
at present the possibility of cellular immunity playmg a partial role must be 
strongly considered 

Morgan has recently demonstrated what she believes to be local antibody found 
m the tissues at the site of poliomyelitis lesions (84) In the mtracerebrally 
inoculated animals these substances appeared before serum antibodies However, 
m the light of the much earlier serum antibody formation m monkeys given virus 
by a more “natural” route (by mouth), by von Magnus and Melmck (77), the 
significance of Morgan's findings m regiect to human infection is very difficult 
to evaluate 

It now becomes appropnate to consider more carefully the laboratory evidence 
for the duration, m man, of immunity to reinfection Reports of several excellent 
studies (85-89) to detect virus m throat swabs, m feces, or both, made m famihes 
where a smgle case of poliomy^elitis is recognized give us extremely mterestmg 
and valuable information Tests for virus on a smgle specimen of feces or throat 
secretions collected at some time soon after recognition of the first case m the 
family, reveal that approximately 80 per cent of the children and 50 per cent of 
the adults are infected at the time of the smgle test. If specimens were taken 
repeatedly and more monkeys employed m the tests there is excellent ewdence 
to mdicate that higher proportions would be found infected Such adult infection 
rates are extremely rare m measles On the basis of tests for poliomyehtis anti 
body with any stram commonly employed, we would expect possibly 50 per cent 
of the children and 2 to 5 per cent of the adults to be free from antibody This 
proportion correlates better with the relative expectation for paralytic poliomye- 
htis between chfldren and adults, than it does with the observed infection rates 
(80% and 50%, respectively) So, at first glance, at least, it appears that a high 
proportion of adults, though possessed with neutralizmg antibody and who are 
presumably “immune”, are still susceptible to infection and develop the earner 
state This, to me is the strongest evidence we have of the lack of immumty to 
infection by those who by every mdirect cnterion can be assumed to have been 
previously infected However, it will be recalled that the chimpanzees an 
monkeys became imm une to reinfection after feedmg, for they fafied to develop 
the carrier state when fed the same vims twice This would appear at first to 
conflict with the “human" evidence of immumty not preventmg reinfection 
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But, the laboratorj'' animals were challenged after only a short period of time, not 
after several years as may frequently elapse between re-exposure to the same 
stram m man Immunit}’- ma}’’ be at such a high level for a few months that it 
ordinarilj’' prevents reinfection, but m its wanmg phase reinfection is not pre- 
vented I expect this will be proven to be so At this time it appears probable, m 
new of known facts, that immunit}’’ to reinfection is temporar}’’ 

Now, let us consider the duration of acquired neutrahzmg antibodies, a 
substance more readil}’’ measured Unfortunatelj’’, we can find little endence to 
bear on this problem j\Ian is subject to repeated exposure so contmued high 
titers observed bj’' a few of us m certam mdmduals mean nothmg I know of 
no record of repeated tests over a period of j'ears on an isolated, convalescent 
laboratory monke}' Therefore, at the present, studies on neutrahzmg antibody 
do not help us to settle the question of the duration of even this e'vndence of 
naturallj’’ acquired immunity 

The only other waj-- 1 can think of to determme duration of neutrahzmg anti- 
bodj’’ IS to find an isolated island, if such exists, where no neutrahzmg antibodies 
to some one t 3 q)e of ^ttus are present m the population, and keep there for a 
number of years a few uninfected mdimduals who have antibody, or find such 
an experiment alreadj' made to order Such a situation, where even one immu- 
nological type of pohomyehtis attus was absent might answer manj’- questions 
Furthermore, the accidental mtroduction of the missmg ^^rus could answer still 
more questions if competent observers and collection facilities were available 
The question regardmg adult susceptibility w ould also imdoubtedlj’- be answered 
I do not beheve that an island lackmg infection with one of the several immu- 
nologic types of pobomj'ehtis virus will be impossible to find, once we have a 
suitable mexpensu e serologic test to use for the survey w ork Such a test, I am 
pleased to say ma}’’ be “just around the comer” on the basis of results which Dr 
Roberts of our laboratorj' is obtammg wuth a tjqie specific pohomyehtis flocculat- 
mg antigen (90) 

At this pomt a dii ersion wiU be made b}’’ waj’’ of illustratmg an immunit}^ 
mechanism occurrmg m another common nrus disease With Dr John Enders 
for two years, and later alone, experiments were carried out on a common, 
world-wnde nms disease of cats Independently and concurrently wnth Lawrence 
and Syi’^erten (91), we found this infection had as its chief pathologj--, destmctive 
lesions of various elements of the hematopoietic system (92, 93) We called the 
disease panleucopenia Lawrence and Sjwerton called it agranuloc 3 'tosis, and 
imdoubtedl 3 ’ it is the same disease named b 3 ’' others, infectious ententis, though 
entireh’" maccurateh’" described by that name smce there exists no inflammator 3 ’' 
lesions In our immunological studies we foimd we could passively immunize 
susceptible kittens by gmng convalescent or adult “alley-cat” serum Vaccina- 
tion wnth formalmized cat spleen could also be earned out effectivel 3 '’ if the am- 
mals w ere vacemated several weeks before brmgmg them to the laboratory, but 
all susceptible rural cats died after laboratory exposure, unless previous^ im- 
munized either b 3 ’- serum or b 3 ’- a previous senes of vaceme mjections (94) It was 
equall 3 ^ true that cit 3 ' cats and kittens even though the kittens were bom m the 
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laboratory, apparently never became ill The hypothesis was formed early that 
the new-born kittens in the city, where infection was apparently omnipresent 
were endowed with maternally transferred passive immunity and that they 
developed n more permanent active immunity through mild or inapparent mfec- 
tion acquired m very early life while still possessmg maternal protection (95) 
This was put to test by routmely moculatmg rural susceptible kittens with 
immune serum once, when mtroduced mto the laboratory Large numbers of 
these animals were kept from 6 months to years and none ever became recog- 
nizably ill with panleucopenia (23) The speaker has therefore, long suspected 
that a similar mechamsm might play an important role m immumty to poho- 
myehtis where conditions were most ideal for its rapid and easy transfer to 
infants Some evidence has now been obtamed to support this, on Guam at 
least Here, all sera tested to date from children between 1 and 4 years of age 
contamed neutrahzing antibodies Dr Sabm reported that he was unable to 
demonstrate significant amounts of antibody between 9 months and 23 months 
m his sera from Japan, Okinawa and Korea and suggested that immunity was not 
acquued there at such an early age, but further south on Guam the conditions 
may be somewhat different This means of safely acquirmg immumty, therefore, 
does not appear to play any important role, except under relatively extreme 
conditions, probably restncted to certam tropical areas 

No attempt will be made to review m any detail the already extensive htera 
ture on the t 3 qjmg of poliomyelitis viruses that has appeared before and smce 
the Virus Typmg Committee of the National Foundation for Infantile Paralysis 
began holding meetmgs to plan standardized methods and experiments (57, 90, 
96-100) By a combination of vaccination and challenge, challenge of con- 
valescents and cross neutralization tests, it appears that at least three distmet 
immunologic groups of virus exist among the hmited number of domestic strains 
so far tested Withm at least one of these groups there appear to be certam 
stram differences, revealed most readily by the neutralization and flocculation 
tests Already it appears that infection with one can hardly be expected to funush 
effective protection against another, any more than St Louis encepbabtis 
infection can protect against the Western equme type However, group relation 
ships like St Louis, Japanese B and West Nile, with some shght antigemc over 
lappmg will probably be foimd 

The big question m the mmd of many is the practical apphcation of all this 
knowledge to artificial immunity The speaker’s personal opmions and hiB 
reasons for them can be presented m a veiy few sentences 

We will, or we should hesitate a very long time before we use hvmg virus again 
for poliomyehtiB immunization Inactive virus will produce antibody and tempo- 
rary immunity to disease m monkeys if given m repeated and very large do^ 
(101) However, a certam danger exists from a type of disseminated encepM*^ 
myehtis believed to be due to sensitization with bram tissue components w i 
accompany the virus Adjuvants added to the monkey cord suspensions ve 
already mduced highly severe and fatal lesions m monkeys after jurf one mocm 
lation (102, 103) Next, killed virus vaccmes of any disease result m a very 
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temporaiy type of immunitj* This could mean that children would require 
annual vaccmation, and once started might have to ha^e it continued for life 
To date, onlj’’ members of the Lansmg group of nruses (one immunologic tj^pe) 
can be produced m anj" animal other than the monkey, and no true poliomyehtis 
virus has been grown m the chick embi^'o Thus, at least tn o tjqies and possibty 
manj’- more would have to be made from monkeys, m addition to the Lansmg 
type which could be made from mice For this the sources of monke3's m the 
world would be completely madequate Furthermore, onlj' one child m hundreds, 
possibly thousands needs vaccme for protection agamst cripplmg, and we have 
no way to determme which one does Thus, from the standpomt of danger, 
necessity of repeated admimstration, multiplicity of immunologic types, exor- 
bitant cost, msurmountable logistics and diflBculty m selection of susceptibles 
who need vaccmation, it all appears to add up to an impractical and seemmgly 
impossible undertakmg Some new deielopment may, of course, completely 
alter the outlook, but m the meantime I imagme most of our children will be 
forced to get along with a normal naturally endowed high resistance, supple- 
mented from time to tune with a bit of naturally acquired immunity of variable 
duration and effectiveness We adults will depend on the same mechanism and 
aU of us maj' contmue to spread lurus periodically, at unpredictable times and 
under unexpected circumstances On this type of hazardous experience the level 
of our immunologic status possibly depends, as for streptococcal infections, and 
until recently, for diphtheria 

It IS the speaker’s behef that the most practical immediate apphcation of 
knowledge to be gamed m the field of immuni ty wiU be m the development of 
better laboratory'" procedures — such as serologic tests, and immunologic means 
of detectmg and typmg luruses m diagnostic and epidemiological studies 
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THE “DELFT SCHOOL” AND THE RISE OF 
GENERAL MICROBIOLOGYi 

C B VAN NIEL 

Hoplins Marine Station of Stanford University, Pacific Grove, Calif 

Antonie van Leeuwenhoek certainly started something when he began makmg 
his lenses and exammmg anjdhmg he could lay his hands on! His observations 
led, about 300 3 ’-ears ago, to the discover 3 ’’ of the “httle animals”, now known 
under the names of protozoa and bacteria And thus Leeuwenhoek, the Debt 
draper and scientist, became the “Father of protozoology and bacteriology,” 
as Dobell (1) has so aptly called him There is no doubt that the science of general 
microbiology began m Delft 

It was an excitmg beginning The animalcules were found almost eveiywhere, 
and thej’’ appeared to represent an astomshmg array of sizes and shapes Practi- 
cally anj"- kmd of material revealed their presence — a wonder to behold, a 
pleasure to watch And Leeuwenhoek made the most of his discoveiy witness the 
enormous number of letters which he sent to the Royal Society of London 
vindlj'- descnbmg his obseivations with many pertment reflections upon their 
significance 

Yet we do not ordmarilj’’ think of Leeuwenhoek as the founder of a “Delft 
School”, or, for that matter, of any school He was a sohtary w orker, and occa- 
sionally even reluctant to disclose to others the methods he employed In con- 
sequence we are, even today, confined to speculation w'hen it comes to decidmg 
whether or not Leeuwenhoek might have hit upon a way of exammmg specimens 
bj’’ usmg some sort of dark-field lUummation, a possibdity that was suggested 
bj Dobell (1, p 331-2) This suggestion has been more fuUj^ discussed by Cohen 
(2) and Kingma Boltjes (3) 

Now, Leeuwenhoek did not start a “school,” and so his methodologj' was 
handed down to posterity only insofar as his letters divulged There were no 
pupils who might afterwards have revealed secrets which the master had decided 
not to publish But his discoveries were so spectacular and so unaxpected that 
thej”^ could not fail to fire the imagination of others, equally imbued wuth curiosity, 
that dnvmg force of scientific endeavor Hence his obseivations were, m the 
course of tune, repeated and extended m other places, and knowledge concermng 
the microbes graduallj’- accumulated, until todaj’’ there is available an amount 
of information so vast that it would be impossible for a smgle mdividual to be 
conversant with more than a small part of it 

This IS an unfortunate although mentable result of expandmg scientific 
activitj' the mterested mdmdual must needs make a choice as to what shall 
occupj’^ his mmd and hands Thus there is a real danger that he may become 
m\ oh ed m mmutiae, a narrow specialist who “knows more and more about less 

' Bised on the A J Klmver Lecture delivered before the Societj of American Bac- 
teriologists Cincinnati, Ohio, Maj 19, 1949 
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and less ” However, an increase in factual information, the only sohd basis for 
scientihc accomplishment, also brings with it the desire for organizing and mte- 
gratmg the details If this is satisfactorily accomplished the isolated data can 
be connected together mto a framework composed of general pnnciples And the 
latter mark the culmmatmg advances of science 

In n hat follows I shall try to sketch the gradual development of some principles 
m the realm of general microbiology, to show how these are associated with a 
“Delft School” , and to mdicate how they have contnbuted to the rapidly growing 
mterest m this field 

Obviously, Leeuwenhoek’s discovery of the existence of the “httle animals” 
raised problems concemmg then- ongm, then- activities, and the significance of 
the latter Lceunenhoek h im self expressed opmions on these questions that 
were essentially identical with those which, two centuries later, became the 
established scientific views Durmg the mtervening years the issues were, how- 
ever, ardently debated on the basis of seemmgly conflictmg experimental results, 
and these experiments have added greatly to our store of knowledge 

I shall not dwell upon the fasematmg controversy about the spontaneous 
generation of the microbes versus then origm from preexistmg ones The battle, 
earlier fought over the ongm of larger organisms, and quite recently agam over 
that of viruses, ultimately led to an acknowledged victory of the proponents of 
the idea of biogenesis In the meantime the discrepancies m the outcome of 
many crucial experiments gradually led to the development of an adequate 
methodology for the study of microbiganisms Most of the techmques now so 
confidently used represent modifications and refinements of methods that had 
once produced results mterpreted m favor of spontaneous generation Thus can 
the mistakes made m scientific mvestigations be turned to advantage, for they 
lead to the recogmtion of unexpected and unpredictable sources of error, and so 
permit the eventual elimination of the latter 

But the apparent defeat of the doctrme of spontaneous generation left im 
solved the fundamental problem of the ongm of hfe In recent years new ideas 
have been expressed, notably by Haldane (4), Oparm (6), and Horowitz (6) 
which have a strong scientific appeal because they suggest a way out of what 
otherwise would be an impasse '’Aether these concepts can soon be made the 
basis for a renewed experunental attack cannot now be decided, the answer 
must be left to future studies 

So much for the first problem The question of the activities of the “httle 
animals,” too, was contemplated by Leeuwenhoek, and once agam he reached a 
conclusion that was not to become part of our scientific outlook until two cen 
tunes later I do not here refer to the concept that microorgamsms can play a 
role as causative agents of disease, but to the far broader one concemmg then 
function m the cycle of matter It should be realized that the former activity 
represents no more than a very mmor aspect of this general phenomenon 

The important part played by microhrganisms m transfonnmg organic an 
morganic substances on earth with the result that these may be used over m 
over agam to sustam life of other organisms was first clearly expressed by er 
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dmand Cohn (7) m 1S72 In thus makmg possible the continuation of the great 
experiment of evolution the “httle animals” occasionally perform their task m a 
manner that clashes with the desires of man who, through ignorance and greed, 
has a propensity for ehmmatmg various natural resources from participation m 
the natural cycle of matter, and often appears to regard the earth with all that 
IS on it as his own private property This has led to an unwarranted emphasis 
on such resented actmties of the microbes as would mterfere with man’s hoardmg 
mstmct, e\en to the pomt of makmg him lose sight of the fundamental signifi- 
cance of an unmterrupted contmuation of the C 3 ’’cle Those who have learned to 
view life m a wider sense can but hope that, through education, a better compre- 
hension may graduallj^ be reached, and the hoardmg mstmct be curbed — if 
there is still time 

Our knowledge of the diverse tjTies of microbes responsible for the specific 
major transformations of matter has advanced greatly smce Cohn’s pronounce- 
ment The most important contributions to this problem we owe to M W 
Beijermck (8), the second of the great Delft microbiologists By mtroducmg the 
prmciple of enrichment cultures he opened the way for a rational approach to 
microbial ecology Although some of Beijermck’s specific discovenes are fairly 
well knonm to most microbiologists, the fundamental ideas that led to them have 
been appreciated far too httle This, I beheve, is due to the fact that Beijermck, 
who could have written a treatise on enrichment cultures that would not have 
failed to exert a profound influence, never so much as published a paper m which 
the prmciple was clearly formulated and its potentiahties developed When, m 
1905, Beijermck was awarded the Leeuwenhoek medal by the Konmkhjke 
Akaderme van Wetenschappen m Amsterdam, FAJF C Went noted the above 
mentioned deficiencj' m his presentation address with the foUowmg words 

“There is m your pubhcations such a wealth of onginal concepts and of special 
approaches, often buned m a couple of sentences, that such a treatise would 
surely be anticipated with the utmost mterest It would then also become clear 
how mam^ of the current ideas m microbiology we really owe to you, this is far 
more than is apparent to those vho merelj’’ have taken superficial notice of jDur 
pubhcations” (9) 

It was only on this occasion that Beijermck stated his objectives and approach 
I translate from his acceptance speech 

“I am happy to note that the way m which I approach microbiology has the 
approval of the best judges This approach can be concisely stated as the stud}’’ 
of microbial ecology, z e , of the relation between environmental conditions and 
the special forms of life correspondmg to them It is my conmction that, m our 
present state of understandmg, this is the most necessaiy and frmtful duection 
to guide us m orgamzmg our knowledge of that part of nature which deals •with 
the lowest hrmts of the orgamc world, and which constantly keeps before our 
mmd the profound problem of the ongm of hfe itself Therefore it is a great 
satisfaction t-o me that the Academy apparently 'wishes to honor the experimenter 
who exploits this field 

“In an experimental sense the ecological approach to microbiology consists of 
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two complementary phases which give rise to an endless number of expenments 
On the one hand it leads to mvestigatmg the conditions for the development of 
organisms that have for some reason or other, perhaps fortuitously, come to our 
attention, on the other hand to the discovery of hvmg orgamsms that appear 
under predetermined conditions, either because they alone can develop, or 
because they are the more fit and um out over their competitors Especially this 
latter method, m reality nothing but the broadest apphcation of the elective 
culture method, is fruitful and truly scientific, and it is no exaggeration to claim 
that the rapid and surprismg advances m general microbiology are due to this 
melhodologj Nevertheless, and this m spite of the fact that Leeuwenhoek, more 
than two hundred years ago, already used this aspect of micro-ecology m some 
of his studies, and that Pasteur was enabled to make most of his great discoveries 
because he was guided by the same pnnciple, the number of conscious exponents 
has so far remamed very small And I feel that I certamly may be reckoned 
among them because of the enthusiasm that is m me to contribute to the grand 
task that can here be accomplished” (10) 

That 18 all And who would bother to read these sentences, representmg half a 
page of a prmted speech, and written, like Leeuwenhoek’s letters, in the Dutch 
language, some 45 years ago? Beijermck never got around to writing the treatise 
Went had suggested, probably because he was more mterested in domg expen 
ments, and so the number of workers who consciously apphed Beijermck’s 
principles remamed small, limited, m fact, to those who had the good fortune of 
experiencing his influence, directly or mdirectly It is true that in 1907 Stock 
hausen (11) published a number of essays on microbial ecology (“Ennchment 
cultures after Beijennck”) m the “Wochenschnft fOr Brauerei,” also issued m 
book form But thirty years after its publication the first edition of the book was 
still far from axhausted, and many microbiologists hax e probably never heard 
of it 

Nonetheless, the fundamental significance of Beijermck’s work is slowly 
becommg recognized m wider circles, and the apphcation of ennchment culture 
practices is spreadmg Even such up-to-date studies as those concerned with the 
search for antibiotics, with the attempts to culture vanous algae and protozoa, 
an endeavor so successfully pursued by Prmgsheim (12), and with the selection 
of specific nutntional types of microbes, all such studies are now generally 
carried out with the conscious or unconscious mclusion of Beijennck’s principles 
Furthermore, if one thinks about the reasons for the ready availabihty of culture 
of nearly all lands of microdrganisms (yeasts, algae, actmomycetes, sulfur and 
hydrogen bacteria, species of A celobader, Azolobacter, A erobacfer, Spinllum, My^ 
bacterium, Proptonibactenum, or Clostridium, lactic acid bacteria, bacteria e- 
composmg cellulose, agar, or urea, demtrifymg and sulfate-reducmg bactem, 
methane-producing, lummous, or photosynthetic bactena) it becomes abuni^ y 
evident that these reasons are not to be found primarily m the existence o 
culture collections, however useful a purpose they may serve, but chiefl} ® 
simple methodology', based on Beijermck’s ennchment culture procedures, } 
w'hich these organisms can regularly be procured 
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Familiarity with the results that can be achieved by means of enrichment 
cultures also leads to the conclusion that the distribution of diverse sorts of 
microbes is ubiquitous For example, the cellulose decomposmg Cytophaga and 
Sporoq/tophaga species, the mtrogen fixmg azotobacters and Clostndium pas- 
ieunanum, or the hydrogen oxidizmg bactena that are known todaj’’ can be 
isolated from soil, mud, or water samples m Argentina, Holland, Japan, Australia, 
Russia, or the U S with equal facihty And the pure cultures of one kmd ob- 
tamed m different places generally do not show any more differences among one 
another than do a variety of strains isolated m one and the same locahty A 
similar picture is presented bj’’ the microbes found m those "natural” enrichment 
cultures encountered m different parts of our globe, such as m hot sprmgs, brme 
pools and salt beds, sulfur or iron sprmgs A careful comparison shows that, 
where the emoronmental conditions are closely comparable, the same t 3 'pes of 
organisms appear The significance of these facts for determmative bacteriology 
IS that we need not thmk m terms of local microfloras and -faunas But they also 
carrj' another, less obnous rmphcation 
There is now a large number of bactena, 3 ’^easts, algae, and protozoa, mci- 
dentaUy obsen^ed under ill-defined conditions, that have been named and de- 
scribed on the basis of certam more or less easilj’’ ascertainable properties 
Whether such charactenstics, mostlj* determmed by the apphcation of stereo- 
tjqied and arbitrarj'- methods, bear any direct relation to those that are important 
m connection with the natural occurrence and sumval of the organisms is often 
doubtful I do not mean that it is totallj’’ useless to know that one type of photo- 
synthetic bacteria can hquef}’" gelatm or grow m glucose media while others do 
not, or that certam fluorescent pseudomonads, m contrast to others, can utilize 
arabmose or produce acid from raffinose But knowledge of such properties is 
entirely madequate to teU us anjAilimg concemmg the normal actmties of the 
organisms m question If the latter were better understood, it would become 
possible to approach the problems of determmative bactenology and classifica- 
tion m a more rational manner, and to ehmmate much of the present confusion 
For this purpose further studies with enrichment cultures are imperative 
Beijermck’s great objective is stiU far from completed It is necessary that con- 
ditions be more accurately controlled and specified, and that attention be paid 
to the effect on the outcome of enrichment cultures due to such variables as the 
reaction of the medium, the temperature of mcubation, the concentrations of the 
various nutrient and non-nutnent mgredients, the presence or absence of micro- 
nutrients and growth factors, etc It is very probable that by means of such 
refinements an ever mcreasmg number of microorganisms wfil become accessible 
to isolation by enrichment culture techmques, and m this manner we shall learn 
more about the normal activities of the organisms encountered than by con- 
tmued studies of pure cultures with standard methods Of course, it must be 
admitted that such efforts may onlj' slowlj’- make it possible to recognize the 
natural ennronment of numerous organisms that have been isolated accidentally, 
and whose properties are noi\ most imperfectly known 
When, m 1921, Beijermck retued, a “Delft School” had been launched The 
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vast knowledge of the master had m part been transmitted to his students, and 
some of them contmued the traditions m other Dutch institutions Also outside 
the Netherlands his method of approach was spreadmg, men like Issatchenko and 
I^ramsky, Mehn, Gran, Krzemienievski, Kaserer, Stockhausen, and Stoklass, 
who had worked m his laboratory, had gone back to their own countries and 
served as new nuclei abroad And jet, when we think of a “Delft School” it is 
certainly not only these men who come to mmd Perhaps not even, m the first 
place, Beijennck, but rather his successor, AJbert Jan Kluyver, Corresponding 
Member of our Society of American Bactenologists, the thud of the great tno 
of Delft microbiologists, and the scientist m whose honor today’s lecture la 
named By developing the concept of comparative biochemistry Kluyver laid 
the foundation for an approach to biochemical problems that has proved to be 
one of the most fruitful of our era It has brought order mto a situation that waa 
almost chaotic, and has become the guidmg prmciple for the study of the chemical 
activities of any and all hvmg organisms 

Two years after his inauguration Kluyver (13) made a survey of the processes 
known to occur in nature under the influence of microdrganisms It was a be- 
wildering picture that emerged Not only did it show the endless vanety of sub- 
stances, inorganic as well as orgamc, that can be decomposed by bacteria, molds, 
yeasts, etc , it also illustrated the enormous diversity of substances that could 
anse dunng these decompositions Now, awareness of diversity, a prerequisite 
for scientific pursuit, engenders the desire to discover unifying pnnciples Thus 
the problem arose what common denominators can be foimd m this multipbcity 
of microbial activities? 

The only one apparent m 1923 was the broadest possible generalization of 
Lavoisier’s concept of biological oxidations as the source of energy for the mam 
tenance of life Pasteur had extended this idea by recogmzmg that fermenta 
tions, t e biological processes gomg on m the absence of air, are also energy 
yioldmg reactions And Wmogradsky, now some 60 years ago, had discovered 
organisms that could fulfill their energy requirements by oxidizmg morganic 
compounds When computations of energy relations showed Kluyver that the 
multitude of known decompositions by microorganisms all proceeded with the 
liberation of energy it was, therefore, clear that Lavoisier’s principle m this 
extended form could be mvoked 

But this general answer did not satisfy Kluyver It begged the question of a 
mechanism After all, these decompositions could also be considered as chemical 
transformations, and smce the begmnmg of the 19th century much construc- 
tive thought had gone mto makmg chemical reactions intelhgible on the baas 
of the atomic and molecular theories That it might ultimately be possible to 
brmg the comprehension of biochemical transformations up to the same leve 
was, consequently, a reasonable expectation 

Besides, progress had been made m this direction The researches of Neuberg 
on alcoholic fermentation by yeasts had achieved an mterpretation of this proc^ 
as the net result of a senes of consecutive step reactions, each one chenu y 
conceivable and sunple m nature Wieland had tackled the problem of the on 
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tion of alcohol to acetic acid by acetic acid bacteria and contended that this 
oxidation should be considered as composed of two stages, viz , the oxidation of 
alcohol to aldehj’-de, and of the latter — m the form of a hydrate — to acetic acid 
Both these oxidations appeared to be reactions m which two hydrogen atoms are 
ehmmated from a substrate molecule and transferred to any one of a number of 
hydrogen acceptors, such as 0;, qumone, methylene blue, etc From these results 
Wieland had drawn the conclusion that all biological oxidations could be mter- 
preted as primaril}’- composed of series of dehydrogenations, with O 2 actmg as 
the normal, but not the only possible H-acceptor Harden and his coworkers, 
especially Gre}’’, had made a good beginnmg with the resolution of the cob and 
aerobacter fermentations, and Fred and Peterson, as weU as Speakman, of the 
butanol-acetone fermentation 

It would take too long to review the developments that led Kluyver, m a few 
3 ’’ears, to the masterly sjmtheses represented by the two major publications 
"The umty m biochemistrj^” (14), and “The chemical activities of microorgan- 
isms” (15) It IS m the latter treatise that the term “comparative biochemistry” 
was first used, and Kluyver envisaged for it an influence which could benefit 
biochemistry m a manner similar to that m which the concept of “comparative 
anatomy” had helped to brmg order mto the mass of isolated anatomical ob- 
servations 

Kluyver’s keen and cntical mmd recognized the potential significance of the 
ideas that Neuberg, Wieland, Warburg, Harden, and a few others had advanced 
to account for more or less specific biochemical events Soon it became evident 
to him that those concepts could be welded together mto a very few general 
principles, apphcable to all biochemical phenomena The most basic of these 
generalizations is the extension of the ideas of Neuberg and of Wieland to their 
ultimate limits Thus, any biochemical process, whether oxidation, fermentation, 
or synthetic reaction, was considered as a chain of step reactions, each one of 
which represented a simple mechanism m which hydrogen is transferred from 
one molecule, the H-donor, to another, the H-acceptor The only apparent ex- 
ception to this pnnciple was exhibited m the metabohsm of complex molecules, 
composed of a number of simple entities, for example the polysaccharides (com- 
plexes of simple sugars), proteins (complexes of ammo acids), and fats (complaxes 
of fatty acids and glycerol) Such complexes would first be converted to their 
constituent umts by hydroljiiic cleavages, with the products subsequently under- 
gomg the various h3’-drogen-transfer reactions In this manner the existence of 
the many hydrolytic enzymes — glucosidases, proteinases, hpases, etc — could be 
fitted mto the general picture 

Many of the known facts concemmg diverse metabohc processes could be 
readily mcorporated mto this concept In the course of the foUowmg years 
numerous additional cases were mvestigated m his laboratorj’’, and the outcome 
of this activity did much to strengthen the emdence for the soundness of the 
postulates It also mdicated that the mitial stages m the biochemical transforma- 
tions of a specific substance were very similar, if not identical, no matter what the 
final result pro^ ed to be For example, the endence strongly suggested the 
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probability that m practically all instances of sugar decomposition the carbohy- 
drate would first be degraded to three-carbon moieties, the differences m the end 
products reflected differences m the fate of these universal mtermediate products 
It IB important to realize that the arguments apphed to a great diversity of 
processes, such as the alcoholic and lactic acid fermentations, the "mKed acid” 
fermentation charactenstic of the coh group, the butane-diol fermentation of 
Acrobaclcr and AerobaciUus species, the propiomc acid fermentation, the butyric 
acid and the butanol fermentations, the fermentations m which acetone and iso- 
propanol are produced Also, many of the oxidative degradations appeared to 
proceed by the same mitial stages 

It would be foolish to insist that the prmciples of comparative biochemistry 
n ould not have been developed if it had not been for Kluyver's penetratmg ap- 
proach, just as it would be foolish to contend that microorganisms would not 
have been discovered if Antonie van Leeuwenhoek had not done so In the late 
twenties there were others who w’ere begmnmg to think along similar hnes, and 
the reconciliation of Wieland’s and of Warburg’s ideas on the nature of biological 
oxidations was proposed almost sunultaneously by Kluyver and Donker, Szent- 
Gyfirgi, and Fleisch, m three entirety mdependent publications Nevertheless, 
the familianty with the vast diversity of the conditions under which life can 
exnst and manifest itself, especially m the world of microorganisms, made avail 
able for IQuyver's scientific contemplation an immensely greater range of pat- 
terns than that presented by the higher plants and animals And the reult was 
the enunciation of the most far-reachmg generalization 

The attempts at mterpretmg various biochemical phenomena m greater detail 
led IQuyrver and his collaborators to postulate a number of specific step reactions, 
leadmg to a small group of common mtermediate products It was clearly recog 
nized that some substrates or intermediates could undeigo more than one par 
ticular conversion The extent to which each of the possible transformations 
occurs would, of course, depend on the nature of the organisms, t e , its enzymatic 
composition But even for the same organism the result is usually not fixed be- 
cause environmental conditions, such as temperature, concentration of substrate 
or mtermediate products, reaction of the medium, the presence or absence of 
special hydrogen donors or acceptors, could readily influence the magnitude of 
the different conversions It is, therefore, impossible to predict the exact outcome 
of a biochemical process m terms of the precise quantities m which each of the 
end products will be formed The frequently observed fluctuations m this respect 
need not be disturbmg, however, they become readily understandable as the re- 
sult of a complicated mterplay between the various potentially possible reactions 
m w'hich the mtermediate products can participate When viewed m this 
a biochemical reaction becomes more clearly a dynamic event, to be represen 
by series of steps with variations m several duections rather than by 
chemical equation with fio^ed quantitative relations between the end 

Many of the step reactions and mtermediate products postulated by 

some twenty years ago appear outmoded to-day Surelyl no biochemist wo n 

senously consider methyl gtyoxal, for example, m the central position 
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assigned to it in his London Lectures (15) INIuch has been accomplished 
m the mten^enmg years through the brilliant work of man}'^ scientists The 
chemicnl nature of several mtermediate products has been established vath m- 
creasmg precision , the mteractions and conversions of these compounds can now 
be represented by reaction chams far more elaborate than was once deemed 
possible In large part this astounding penetration mto details of biochemical 
mechanisms has resulted from the isolation of specific enzjTnes with which partial 
com ersions can be mi estigated under rigorousl}’’ defined conditions And much 
of this vork has been done with microorgamsms, those who have attended the 
sjTnposium on the first day of our meetmgs will realize this 

Furthermore, new prmciples hai e been mtroduced Among the most important 
ones must be mentioned Michaehs’ theorj’' (16) of the smgle-electron shifts, Lip- 
mann’s concept (17) of the high-energj'’ phosphate bond and its significance for 
the presentation and storage of energjt, and the ideas concemmg the transfer 
of whole blocks of atoms, as m trans-ammations, trans-methylations, trans- 
acet 5 dations, trans-glucosidations and trans-phosphoi^dations It has been a phe- 
nomenal development But, although these advances have shown the need for 
modifjnng the earher postulated details, they have also served to substantiate 
the vahdity of Klujwer’s mam thesis regardmg the fundamental umty m bio- 
chemistiy The basic similarity m the biochemical behavior of so many different 
organisms is now generally admitted It is emphasized by the occurrence of the 
same ammo acids, ntamms, enzymes, etc , m all forms of hfe, and b}’’ the par- 
ticipation of a number of identical mtermediate products m practically aU meta- 
bohc activities 

The recognition of this unity is Eluyver’s great contnbution, it is also the 
startmg pomt of “comparative biochemistry” Predicated upon the fact that a 
particular substance, whether substrate or mtermediate product, can undergo 
only a limited number of immediate transformations, sometimes only a smgle 
one, these can be explored by mvestigatmg the fate of such compounds under 
the influence of different organisms The results so far obtamed have amply 
demonstrated the fruitfulness of this Ime of study 

A good example is furnished by the methane fermentation, a process m which 
various alcohols and fatty acids are decomposed to methane, generally accom- 
panied by the production of carbon dioxide Now, the primary attack on those 
substrates cannot readily be conceived of as anything but a straight deh} drogena- 
tion Hence an external hj^drogen acceptor is required Decompositions of the 
same substrates are known to occur m the presence of oxj'gen, nitrate, and sul- 
fate, and these substances, actmg as hydrogen acceptors, are thus com erted mto 
HjO, HsN, or HsS respectivel 3 ’' This led to the idea that the methane fermenta- 
tion represents a similar substrate oxidation with COj as hydrogen acceptor, a 
postulate for which the mvestigations of Barker (19) have furnished experimental 
evidence The degradation of the higher fatty acids durmg the methane fermenta- 
tion has been shown bj' Airs Stadtman (personal commumcation) to follow 
exactly the path required by the Knoop-Dakm theory for this process m higher 
ntirmnls Hence the methane fermentation no longer occupies a totaUj unique 
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position The details of the meclmnism whereby carbon dioxide is reduced to 
methane remam to be elucidated, and these might yield nuportant results for an 
understandmg of the mechanism of photosynthesis 
I realize that this may seem a far-fetched conclusion However, the foUoinng 
considerations, m exposing the trend of thought upon which this deduction rests, 
should make it appear reasonable A companson between the photosynthetic 
activities of green plants and of green and purple bacteria suggested, several 
years ago, that photosynthesis should be interpreted as a process of carbon di 
oxide reduction with hydrogen obtained by a photochemical decomposition of 
water (20) This, m turn, implies that the reactions more immediately concerned 
with the assimilation and reduction of carbon dioxide must themselves be non 
photochemical processes It should consequently be possible to reach a better 
understandmg of the essential features of these reactions by a comparative study 
of all cases in which carbon dioxide is similarly mvolved And those mcludenot 
only the carbon dioxide assimilation by chemo-autotrophic microbes, but also 
the Wood and Workman reaction (21), the formation of other di- and tncar 
boxylic acids by carbon dioxide addition to v’anous keto-compounds (22), the 
production of acetic acid from COi and hydrogen by Clostrtdtum aceUcum (23), 
and the methane fermentation Such a comparative study would make it posable 
to diEcoi er the common denominators of all these processes, and therefore con 
tribute to a more detailed picture of the photosynthetic reaction 
Tw 0 decades ago Kluyver advocated the use of microSrganisms for compara 
tive biochemical studies On several occasions he stressed the advantages they 
offered, both on account of the ease of handlmg them under controlled and re- 
producible conditions, and because of the enormous biochemical versatdity en 
countered wuthm this group It is often possible to select a specific microdrganian 
as smgularly appropriate for a given problem because it carries out a certain type 
of reaction to the exclusion of almost any other But it is equally important to 
realize that one may find among these creatures the best examples of seemingly 
quite different biochemical properties wutb respect to the conversion of aparticu 
lar substrate Both of these aspects are important for a comparative biochemic^ 
approach If it be further remembered that by the application of Beijermcks 
prmciple of enrichment cultures many of the orgamsms are so readily procurable, 
it w'lll be clear that the case for the microbes — and for the microbiologist-'is 


pretty strong 

This has obviously been recognized During the past decade there has been a 
rapidly growing mterest m comparative biochenustry as well as in microdrgan 
isms It 13 no longer unusual to find a large fraction of the pages of phyaologi 
and biochemical journals occupied by publications dealmg with the activities 
fungi, protozoa, and bacteria Even in the field of genetics the mold 
the yeasts, EacJtmchta coh, Paramecium, and bactenophages are suoc 
competing with Oenothera, Zea mats, and Drosophila 

When nowadays enzyme reactions axe studied by methods rangmg from 
measurements (24, 25) to the use of mashed cells, of dned cell 1 

of cultures supplied with sub-optimal amounts of growth factors {27-au), 
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duced mutations (31), of antl-^^tamms (32), or of adaptive enziune sj-^stems (33), 
one finds that microorganisms are used m the majority of cases But it must be 
reahzed that this is generally done ivith the tacit implications that the results 
will be of importance for a better understandmg also of smular processes occumng 
m other organisms This attitude has been amply justified The earlier remarks 
concemmg the mode of degradation of higher fattj’’ acids m the methane fer- 
mentation and m the animal body provide a good example The recent studies 
of Heidelberger et al (34, 35) on the decomposition of trjTitophan m mammals 
have shown that this is accomplished by a mechanism which appears to be 
identical with that prenouslj’’ demonstrated m the mold Neurospora It will be 
superfluous to elaborate this theme any further 

The mcreased mterest m general microbiologj’’ is apparent also m other ways 
It IS no longer necessai^' for the confirmed microbiologist to feel that he supports 
a worthj’' cause m i am when he expresses the de\ out wish that those responsible 
for the development of science m colleges and universities might eventuaUi’ “see 
the hght”, and establish positions for teachmg and research m this field Surely, 
general microbiology is now a rapidly expandmg science, and I firmlj' beheve 
that it is an easily defensible thesis to propose that its spectacular nse is due m 
large part to the Delft School However, the encouragement by our mstitutions 
of higher leammg might also have another cause Some of the mterest displaj^ed 
could have been stirred up by an overemphasis on developments of the past 
decade resultmg from studies on mtamms, chemotherapy, and antibiotics These 
researches have been weU pubhcized, and nghtly so, because the advances made 
have been stnkmg, and the apphcations both numerous and successful Never- 
theless, these topics represent only a small segment of the field of general micro- 
biologj’-, and I hope that the other aspects will not be neglected 

That Albert Jan Klujwer was chosen as the microbiologist who is to be honored 
to-day bears convmcmg witness to the fact that our Societj’^ of American Bac- 
teriologists IS concerned with the broad prmciples For the work of the “Delft 
School” carries rmphcations of deep philosophical importance that must appeal 
to any one who is still willmg to subscnbe to Ernest Renan’s dictum “Le but 
du monde, c’est I’ld^e ” 

Beijermck’s major contributions can be considered as the first direct expen- 
mental mvestigations of Darwm’s prmciple of natural selection In the ennch- 
ment cultures the expenmentallj’’ defined environmental conditions are the select- 
mg agent, and the outcome of the cultures con provide an unambiguous answer 
to the question as to what organisms among the many types present m the mocu- 
lum are most fit to cope with the environment This havmg been established by 
the “endless experiments”, one can even try to penetrate further, and determme 
the mechanism bj" which the selection operates 

So far, it can be stated with some assurance that the significant factors are 
pfij-sical (hght, temperature, concentrations) and chemical m nature In man}’’ 
cases it IS obnous that those organisms whose mimmnm nutrient requirements 
are fulfilled by the culture medium will come to the fore This, together with 
other cases of successful competition, operatmg through the production bv one 
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kind of organism of substances which inhibit or prevent the development of other 
competitors, constitutes strong evidence m support of the idea that ecology, at 
least as far as microorganisms are concerned, rests pnncipally on a biochemical 
basis 


The significance of biochemistry for a better understanding of the behavior 
of living organisms is further attested to by the modem trends m genetica. 
Nearly all the studies in this field of physiological or biochemical genetics are 
carried out inth microbes, and most of these mvestigations are patterned on the 
important v ork of Beadle and Tatum and them collaborators What has come 
out of the numerous contributions, m which algae, molds, yeasts, protozoa, 
bacteniy, and phage play so important a part, supports an idea expressed as early 
as 1917 by Bcijennck (3G), namely, that genetic characters function by way of 
controlling the formation of enzymes There is now a wealth of information m 
favor of tile supposition that one genetic character is mvolved m the control of a 
single enzyme A by-product of these studies has been the use of genetically 
modified strains for the successful elucidation of the detailed mechanism of bio- 
chemical syntheses 

But there are also many examples known m which environmental rather than 
genetic factors influence directly the enzymatic composition of microorganians 
Tliese are, of course, the numerous cases of adaptive enzyme formation m whicli 
the presence of a particular substrate elicits the formation of a corresponding 
enzyme system capable of catalyzing the transformation of the substrate m ques- 
tion It 13 possible to submit that m such mstances the genetic constitution of tie 
organism confers upon it the potentiality of respondmg to an environmental 
stimulus However, the common mterpretation of the one gene-one enzyme con 
cept does not generally connote such a degree of flexibility, and it will be interest 
mg to see how the ideas on the fundamentals of genetics will, in the course of 
time, be modified so that they can account for the determmative eflect of external 


factors 

These phenomena of adaptation brmg mto sharp focus the fact that microbes, 
like human bemgs, are subject to and respond to environmental influences, and 
do not necessarily' represent rigidly detennmed systems This adaptabihty, to- 
gether with the frequent spontaneous mutations axhibited by hving oiganisms, 
emphasizes their mnate variability In another, perhaps more basic sense, there 
IS no denymg the existence of a high degree of constancy These two aspects o 
life — its constancy and variability — ^are reflected m many ways From the pom 
of view of comparative biochemistry, the constancy finds its expression and roun- 
terpart in the unity of the fundamental biochemical mechanismB, that is, uj 
ver’s concept of the “imity in biochemistry ” This, to-day, is also the most com 
pellmg argument m favor of a monophyletic ongm of life The variability, y 
comparison, can be related to the existmg biochemical diversity, so 
apparent especially among microbrganisms, and it represents the numerous 
tions in which adaptations to a new environment have become estabusn 
persistence of so many patterns, like variations of a theme, .j. 

portance of mdmduality, without which there could be no differenc 

evolution 
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And I hope that 3 ou maj’- be found mllmg to consider senouslj^ the proposition 
that an important aspect of e\olution consists m the acquisition of increased 
comprehension Comprehension not for the sake of power — there is too much of 
that m the hands of too few — but for the sake of a possible evolution of man to a 
state m which he is no longer at war with himself and his contemporanes, no 
longer at odds vnth nature, but an mtegral part of it The implication of this is 
the need for recognition of the mtrinsic value of the mdmdual as the imique, 
potential step towards somethmg nev and better If this is appreciated we shall 
also have gone far m imderstandmg the great significance of another phase of the 
profound influence wielded bj^ the founder of the “Delft School” For Albert Jan 
EJujwer has been a hmng example of this attitude towards the mdindual Those 
who have had the great good fortune of experiencmg his influence — and there are 
manj'^ of them among m3' audience — can nei er be grateful enough 
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A ArECHAXICAL KEY FOR THE GENERIC IDENTIFICATION 

OF BACTERIA 


V B D SKERIMAN 

School of Bacteriology, Unncraity of Melbourne, Australia 
THE NEED FOR ADEQUATE DESCRIPnONS 

jMan}’’ of the descnptions of bactena in Berge 3 ’'’s hlanual of Determinative 
Bactenologj’’ (1939, 1948) are decidedl}’’ poor when Aoewed from present-day- 
standards Some -will be difficult to improve smee a number of the ongmal cultures 
have probably been lost The ongmal descnptions which still remain on record 
present us with an awkward problem m estabhshmg pnonties Some of these 
descnptions are so inadequate that one descnption could be equally weU apphed 
to manj’- new isolates The ongmal authors cannot be blamed for the madequacy 
of these descnptions which no doubt conformed to the standard of the da}"- and 
it would be a breach of ethics to refuse recogmtion of these descnptions Never- 
theless present-day workers cannot regam the ongmal cultures m some instances 
to subject then to further e\ammation and would-be ke}"- formers are handicapped 
by the lack of this information Thus one cause of the chaotic state of bactenal 
nomenclature is the lack of “tiTie” specimens regarded as essential b}' sj’stematic 
botamsts There is onl}' one remedy for this, namely the redescnption of all 
available cultures according to a certam code which should be apphed to all bac- 
tena ahke On the basis of these descnptions the orgamsms should be renamed, 
for the most part -with the names they now possess Pnonties should be based on 
these names and all descnptions and names for which there are no procurable 
cultures should, by common consent, be discarded 
Such a move would necessanly have to be backed by a defimte decision on a 
code for descnption and standardization of methods whereby characters em- 
ployed m the code are determmed Although an attempt has been made on an 
international basis to mamtam unif ormity m methods of nomenclature, no at- 
tempt has been made to standardize the methods by v hich tests are earned out 
to determine the charactenstics of a species The Societj’- of Amencan Bactenolo- 
gists through its Committee on Bactenological Techmc has suggested a scheme 
whereby all organisms should be desenbed and m its “hlanual of hlethods of 
Pure Culture Studj’- of Bactena” has made an attempt to standardize the methods 
by which the tests are earned out The scheme is considered bj" some to be too 
e-rtensive and qmte unnecessary for some groups of orgamsms I cannot agree with 
this attitude It is easier to discard e-vndence considered unnecessaiy than it is to 
repeat an mvestigation through lack of it 

A descnptive code need not be static It could be expanded or contracted as 
the need arises Expansion would necessitate further mvestigation of desenbed 
species Necessaiy alterations can easil 3 ’- be made to mechamcal kej s 
A uniform code should be enforced and pubheataon of descnptions should be 
contingent on complete descnptions bemg submitted, even if this entailed work- 
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crs in poorly equipped laboratones having to submit cultures to recognized 
institutions for complete descnption The mam objection to this procedure would 
be overcome if the worker submitting the culture retamed the nght of discoveiy 
and the nght to name the orgamsm 


THE DEFnonON OF SPECIES AND GENERA 


A species is defined only by those charactenstics which, through their con 
stancy and stability have served in the past to assign it to a genus, together with 
those charactenstics nhich have sensed to separate it from other species in the 
same genus A distinct advantage nould be gained if a hst of these dwractensbcs 
were appended to the name of each bactenum pnor to the general descnption 
Attention would then be focused on these essential charactenstics and a better 
appreciation of the extent and importance of vanations be gamed 
Characters which arc not employed in differentiation of the species could be 
cmplojmd for the subdivision of species into types 
There is also need for more precise defimtions for genera In the hands of the 
authors of most of our textbooks the term “defimtion” has enbrely lost its mean 
mg Many of the definitions contain very httle which is definite They approach 
more towards condensed, and often confusing, descnptions which attempt to 
embrace all the possibilities which one may encounter among the species m the 
genus rather than a precise statement of the characters which can be umformly 
found among all or the majonty of species withm that genus and on the baas of 
which one might expect the genus to be distmguished from other genera 
Let us take for axample the definition of the genus Sirepiococciis from Topley 
and Wilson’s Pnnciples of Bactenology and Immunity (1947) It reads as follows 
DEFINITION Slrep/ococcus (Author’s itahcs ) 

Sphencal or ovoid cells, arranged in short or long chains or m pairs (/m/Zi/ 
non-motilc Non-sponng Most species Gram-positive Some species form cap- 
sules Groivth tends to be relatively shght on artificial media and some species 
grow poorly in the absence of native protein Several species produce charactens 
tic changes in media containing blood Fonotts carbohydrates are fermented with 
the production of acid Most species fail to hquefy gelatm Most species are 
aerobic and facultatively anaerobic Some are anaerobic Many species are nor 
mnlly pathogenic on man or animals, some species are highly pathogemc an 


some produce soluble toxins , 

This so-called “defimtion” contains two statements, the first and third, 
can reasonably be appbed to aU species and therefore could be said to charac er 


ize the genus if the genus Lcuconostoc is not recogmsed 

The above “defimtion” would be more aptly termed a “descnption 
There is a great need for precise defimtions in systematic studies 

precise definitions for species should automatically lead to more precise e i 

of genera to which they belong and the characters used in the definibon o g 
would, like those used m defimng species, be definitely ® 

of species in genera on purely speculative ground should be 
It would be mfimtely better if a new genus was created for species w 
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conform to the general pattern, particularlj’’ if one views the genera as "form 
genera” without any phylogenetical sigmficance 

'\''anation will no doubt be raised as a bamer to this imqueshonabl}’’ ideahstic 
approach to bactenal classification In the opmion of some workers vanation is 
so prevalent that defimtion of species would be impossible But despite this we 
cannot lose sight of the fact that over the past half century a great number of 
orgamsms have been descnbed and have defimtelj' attamed species rank Recog- 
mtion of them as species has come through the gradual recogmtion of the con- 
stancy of certam charactenstics which the}’' displa}’’ A^’anants have been recog- 
mzed only beca'use certam characters were selected as representative of a species, 
that IS, a certam standard was created It is a fundamental fact that without such 
standards there can be no vanants, otherwise aU vanants would themselves as- 
sume the status of standards For this reason the acceptance of a smtabl}^ worded 
hst of the stable characters of a species as a “definition” for the species is entirely 
justified 

THE CEASSIFICATION OF BACTERIA, FORMATION* OF HIGHER GROUPS 

The adoption of the botamcal system of nomenclature made possible the seg- 
regation of bactena mto Species, Genera, Tnbes, Families and Orders A number 
of classifications have been suggested These have been renewed b}" van Niel 
(1946) and have been discussed bnefly m Bergey’s Manual Van Niel questions 
the wisdom of attemptmg to form a “classification” on the evidence which is at 
present available but m so domg he does not discount the fact that there is strong 
e'vidence for phylogenetical relationships between some groups of bactena A 
close study of the number of detenmnable characters which could represent aU 
species -withm each genus would reveal this number to be very small The number 
of characters which are common to all genera withm a Tnbe must mevitablv be 
smaller, and would continue to Hirmmsh as groupmgs become broader Where 
groupmgs have become impossible on purely detenmnable characters resort has 
to be made to the use of certam assumptions which ongmate from the study, not 
of smgle organisms, but of large groups of orgamsms On the basis of these as- 
sumptions some bactena may be placed m higher groupmgs on a character or 
characters which they do not possess but which one is led by assumption to beheve 
that they probably did possess by "virtue of obvious relationships to other bac- 
tena which do possess these characters This was the case ■with Corynebacienum 
pseudodiphthencum (hofmanm) which m the fifth edition of the INIanual was 
placed m the Order Actinomycetales, because of its relationship to certam other 
species m the same genus reputed to show positive evidence of branchmg — a sah- 
ent character of the Order Actinomycetales But how one was expected to identify 
the orgamsm by first detennimng a character which it did not possess is difficult 
to understand 

This IS the ob-vious result of an attempt to fonn a key for tdenhficaUon which 
operates m the reverse direction to that m which the classification was con- 
structed In the development of our sj’stem of classification the discoven* and 
nammg of species ■with a genenc and specific name came first Groupmg mto 
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Genera was followed by grouping of Genera into Tnbes and Tnbes into Families 
and Families into Orders In developing the key in the reverse order, the authors 
of the keys in the Manual were forced to use initially for identification characters 
vhich by their veiy nature are largely mdetenrunable 


Van Niel struck at the heart of this matter and advocated the complete sepa 
ration of a system of identification from a system of classification He suggested 
the formation of a number of mechamcal keys for the identification of bacteria 
I am strongly in favor of van Niel’s suggestion It is the only way to overcome the 
vexatious problem of identifying orgamsms Van Niel did not elaborate greatly 
on the tjTie of keys he envisaged I therefore suggest that imtially Leys should be 
formed for the identification of species mto genera Subseqpient keys could be 
formed for identification of species m each genus on the hnes already followed in 
the Manual Concurrent wuth the production of generic keys and keys to species 
for purposes of identification, systematists could also direct attention to the for 
matron of keyra to show hoio Tnbes are formed from Genera, Famihesfrom Tribes 
and so on Such keys should assume a different form from those used for identi 
fying bactena and should be largely discussional They should atm to educate all 
workers in this fasematmg field of biological relationships 
A key to the genera of bactena is presented in this paper Genera included are 
those in the Suborder Eubadentneae of the Order Eubadenales and those m the 
Order Adtnomycelales in the sixth edition of Bergey’s Manual of Determmatave 
Bactenology For the convemence of all workers, the genenc terminologies em 
ployed in the fifth and sixth editions of the Manual and that employed in the 
third edition of Topley and Wilson’s “Pnnciples of Bactenology and Immunity'' 
have all been mcluded The only genus omitted is the nuscellaneous genus Bade 


num as used m the Manual 

The bactena m the Suborder Evbadentneae are charactenzed by the possession 
of ngid cell waDs, the absence of photo^thetio pigments and the absence of s 
stalk which ivould fix them to their substrate Those m the Order Adtnomycdales 
are similar except that they show marked or rudimentary branchmg TJnfortu 
nately not all species mcluded m the Order do branch and the absence of the 
character renders their identification difiBcult For this reason all species m the 
order have been treated with those m the Suborder Eubadentneae m the key 

It must be emphasized that the only advantage that can be claimed for the 
key 18 that it is workable It cannot improve m any way on the ongmai mate 
It was quite apparent at the outset that it was impossible to obtam the type o 
“defimtion” for individual genera advocated m the earher part of this paper 
was impossible to obtam a combmation of characters for every genus which w 
separate it from other genera Therefore m preparmg the key the only o ct 
course was adopted The reactions of all bactena given species rank m the 
ual were tabulated and characters were select^ which appeared to be 
for each separate genus In some mstances this was found impossible an g® 
had to be subdivided and each subdivision trt ated separately In some i 
descnptions from Topley and Wilson’s “Pnnciples of Bactenology and imm 
mty’’ were substituted for those m the Manual 
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Characters employed m the kej' were selected solely on their smtabdity for 
separating orgamsms and the ease with winch they could be determmed No other 
importance was attached to anj’’ of the tests As far as possible an attempt was 
made to keep the sequence of characters m hne with accepted laboratory practice 
Qmte frequently information on the reaction of species to tests employed m 
the key nas not available In such cases the species has been treated as bemg 
either positive or negative and separation has been effected m both sections of 
the key The same procedure was adopted where species were known to be vari- 
able withm a genus to a particular character, e g , with motihty m Eschenchia 
coll The absence of information has greatly mcreased the length of the key It 
could be considerably reduced m size if the information was made available 
The key IS of a type commonly employed by botanists The numbers on the left 
hand side of the key cover, for the greater part, pairs of opposmg characters such 
as “gram positive or gram negative ” The character of the pair which apphes to 
the orgamsm m question is selected and the number immediately on the nght 
mdicates the next number on the left to be consulted The numbers must be fol- 
lowed m stnct sequence untd a number on the nght is replaced by a genenc name 
A smgle example is given 

For species of the genus Eschenchia the number sequence is as follows 1-7, 
7-10, 1(M4, 44-45, 45-46, 46-47, 47-48, 48-49, 49-50, 50-52, 52-54, 54-57, 
57-62, 62-63, 63-64, 64-65 or 6^71 

65-66, 66-67, 67 — Eschenchia, 
or, 71-72, 72-73, 7S— Eschenchia 


T HTl KEY 

Organisms which can grow on a mineral salts medium with carbon dioxide as the sole 
source of carbon, strict autotrophs which will not grow on meat extract agar, do not 
oxidize hydrogen to water 2 

Other than above 7 

Organisms which oxidize amm onia to mtntes 3 

Organisms which oxidize nitrite to mtrate 6 

Organisms which oxidize sulfur compounds (inorgamc) Thtobacxllus 

Zoogloea formed 4 

Zoogloea not formed 5 

Zoogloea surrounded by a membrane, forming a cyst Nttrosocyslvs 

Zoogloea not enc 3 ^ted Nitrosogloea 

Cells elhpsoidal Ntlrosomonas 

Cells spherical Nitrosococcus 

Cells spiral Nttrosospira 

Zoogloea present Nttrocystis 

Zoogloea absent Nttrohacler 

Orgamsms will grow on a mineral salts medium with carbon dioxide as a sole source of 
carbon but will also grow on meat extract agar 8 

Organisms will grow in a mineral salts medium if carbon monoxide or methane is 
present as a sole source of carbon 9 

Other than above 10 

Organisms grow autotrophicaUj oxidizing hydrogen to water Hydrogenomonas 

Organisms grow autotrophicallv oxidizmg sulfur compounds Thiobacillus 

Organisms will grow autotrophicaUj using carbon monoxide as the sole source of 
carbon Carboxydomonas (5th ed ) 
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10 


11 


12 


13 


14 


15 


10 


17 


18 


19 


20 


21 


22 


(Note tho gcniu Car^xydomonat has been appended to the genus Stnplmytu m the 
Gtu edition of tho Manual ) 

Organisms will grow autotrophically using methane as a source of carbon and enngj- 

_ Mtihanomom 

Gram positno ^ 

Gram negative ^ 

Organisms will grow in contact with air without the addition of specific reducing 

substances to the medium 12 

Organisms will grow onlj in tho absence of air, or in the presence of air if specific 
reducing substances arc added to the medium 37 

Rods and cocco bacilli y 

Cocci 33 

Sporing rods Saciflw 

Non sponng rods U 

Organisms showing distinct branching 15 

Organisms not branched 17 

Long intertwining branching forma showing little or no tendency to fragmentation of 
tho pscudomj cclium eTccpl at tho tips where short comdia hke bodies are formed in 
large numbers in chains Aclinomycet (5th ed ) 

Sireplomyces {6th ed ) 

Adtrumycei (T 4 W) 

Similar to above except that onlj one “conidium” is produced at the end of each ode 
branch or "comdiophoro” Proacttnomycet (5th ed ) 

fificremoiiMjwo (6th ed ) 
Acitnomycea (T 4 W ) 

Branched rods which do not produce oonidia 1® 

Orgamsma present in young cultures as branched filaments which rapidly dismtepate 
to produce short branched rods and some unbranched rods and coccal forma, non 
acid fast or only weakly acid fast, obhgate aerobes Acltnomyeet (5th ed ) 

Nocardia (6th ed ) 
Actinomyca (T 4 W ) 

Branched rods with little or no tendency to form filaments, colomes dry and crumbly, 
acid fast Mycobocltnm 

Branched rods with onlj a slight tendency to form filaments, division by a sharp 
snapping action resulting in palisade formation, non acid fast Coryntbadenvm 
Motilo rods ^ 

Non motilo rods 
Carbohydrate fermented 

Carbohj drates not fermented Kurihia (5th e ) 

Zop/ius(T*^) 
placed in genus Badenum (6th 

Organisms pnthogemo to plants 

Organisms not pathogenic to plants, pathogemo to warm blooded animals esusm 

lAtiCTella (6tn ea j 

monocytosis i«fma(6thed) 

Erystpelolhnx (T 4 W ) 

Yellow pigmented oolomes Xanthomonat (6fb ed^) 

Colomes with no yellow pigments phytomonaa (5th ed ) 

Flagella polar ^ Bnwnie 

Flagella peritnchiato , jgjjij to 

Unbranched rods, colonies dry and granular, organisms have twiste 

form in clumps, acid fast 23 

Not as above, non acid fast 
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23 Litmus milk acid or acid and coagulated 24 

Litmus milk alkaline or unchanged 29 

24 Litmus milk acid and coagulated 25 

Litmus milk acid onlj 26 

25 Orgamsms beaded and club shaped, pleomorphic, pathogenic to gmnea pigs, rabbits 

and rmce, no growth in a glucose acetic acid broth with pH 4 5 Corynebaclcnum 
Non-pleomorphic, non-pathogemc, growth in glucose acetic acid broth with pH 4 5 

Lactobacillus 

26 Colomes small, dewdrop, about 0 2 mm m diameter, in smooth colomes the orgamsms 

appear as short roils, in rough colomes thej appear as long filaments, no growth in 
acetic acid glucose broth with pH 4 5, cause erj-sipelas in man and animals 

Erysipelolhnx 

Not as above 27 

27 Catalase positive 28 

Catalase negative Lactobacillus 

28 Small thin rods, granular staining, resist heating to 71 C for 2J minutes 

Mtcrobaclerium 

Not as above Corynebactenum 

29 Growth in acetic acid glucose broth at pH 4 5, non-pleomorphic rods producing over 

1% lactic acid from glucose without continuous neutrahzation Lactobacillus 

Not as above 30 

30 Human mouth parasites, long tangled threads mtenmngled with a few short rods 

Lcptotnchia (5th ed ) 
appended to genus Lactobacillus (6th ed ) 
Not as above 31 

31 Small dewdrop colomes, orgamsms cause erj'sipelas in man and animals 

Erysipelothnx 

Not as above 32 

32 Rods straight or curved, arranged singly, non-pleomorphic, htmus milk alkahne and 

peptonized, no carbohydrates fermented Alcaligenes 

treated m the miscellaneous section by T & W 
Rods usually in palisades, division by a characteristic snapping motion, pleomorphism 
common, htmus milk may be rendered acid or alkahne but is not peptomzed 

Corynebactenum 

33 Orgamsms arranged in cubical packets Sarcina 

Orgamsms arranged m chains or in diplococci in hqmd media 34 

Organisms arranged m clusters other than cubical packets 36 

34 Ehdney shaped or hemispherical orgamsms arranged in diplococci in clumps Colomes 

high, convex, and granular and usually difficult to emulsify, species cause gonorrhea, 
memngitis, others normal inhabitants of the throat Neissena 

Spherical or oval organisms in chains or in diplococci which do not form clusters 35 

35 Organisms producing a slunj pellicle in sucrose broth, in which the organisms are 

heavily capsulated and form zoogloea Leuconostoc 

Other than above Streptococcus 

including the genus Diplococcus 

36 Organisms divide in two directions producing plates of orgamsms all lying in the one 

plane Staphylococcus (5th ed ) 

Micrococcus (6th ed ) 
Staphylococcus (T & W ) 
mcluding the genus Gaffkya 

Orgamsms apparentlj divide in more than two directions producing clusters or organ- 
isms ljung in more than one plane Micrococcus 

37 Cocci 33 

Rods 38 
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38 Branching rods 
Not branching rods 

39 Long branching filaments which show no tendency to dismteirrate nroduce a 

conidium" at the ends of short side branches or "oomdiophores” 

Actinomyces (5th ed ) 
Mtcromonospora ( 6 th ed ) 

T , , , , Aclinomyces (T & W 1 

Long branching filaments showing no tendency to disintegrate except at the tips rf 
aerial hyphae" where chains of “comdia" are produced, givmg the colony a dry 
powdery surface Actinomyces (Stb ed ) 

Streplomyces ( 6 th ed ) 
Actinomyces (T i W ) 

fahort branching rods In verj joung cultures branching filaments are formed which 
rapidlj disintegrate to form short branched rods and some unbranched rods and 
cocci , no comdta formed Acitnomyces ( 6 th ed ) 

Actinomyces ( 6 th ed ) 
Adtnomj/ces (T & W ) 

40 Sporing rods Closindium 

Non sponng rods 41 

41 Plant pathogens, motile 43 

Not plant pathogens, non motile 43 

42 Flagella pontrichintc Ermma 

Bacterium (T 4 W ) 

Flagella polar Phytomonas ( 6 th ed ) 

43 Catalase positive, propionic acid produced from lactic acid and from glucose 

ProjnonBiaiimm 

Catalase negative, butync acid produced from lactic acid and from glucose 

Butynbactenum ( 6 th ed ) 

Catalase negative, lactic acid accumulates as an end product of glucose breakdown 

Lactobaallus 

44 Organisms grow in contact with oxygen without the addition of specific reducing 

substances to the medium 45 

Organisms will not grow in contact with oxj gen unless some specific reducing sub- 
stances are added to the medium 118 

45 Organisms isolated from and capable of producing nodules on the roots of legiuninous 

plants Rhttobium 

Not as above , ‘1® 

40 Orgamsms capable of continued growth in a medium devoid of inorgamc or organic 
mtrogen compounds, large rod shaped organisms which change to sphencal forM 
in ageing cultures 
Not as above 

47 Kidney shaped or hemispherical organisms arranged in pairs in clusters 

found commonly in the throat 
Rods and cooco-bacilh 

48 Sporing rods 
Non-sponng rods 

49 Organisms grow well m a yeast water medium containing up to 10% alcohol, ontong 

the latter to acetic acid Aeelobaci^ 

Not ns above 

Chromolatlenum 

51 


Azotobacter 

a 

OrgSDlHlIlS 

A^eimnc 

48 

flaciliui 

49 


50 Colomea with a purple pigment 


Colomos with a red pigment 
Colonics other than the above 
61 Motile rods, do not attack alkylamines 

Motile rods capable of attacking alkylamines 


52 

Serrofia 

Chromobactenum (T & W ) 
Prolaminobacler 
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52 


53 


51 


65 


56 


57 


5S 


59 


60 


61 


62 


63 


64 


65 


66 


67 


OrganiBms producing water soluble green, blue, or jellow 
into the medium 

Not as above, pigments, if produced, are not water soluble 
Plant pathogens 


Not plant pathogens 

Orgamsms isolated from disease lesions in plants 
Not as above 

Yellow pigment produced which is not soluble in water 

No jellow pigment produced 
Flagella polar 


pigments which diffuse 
63 

54 

Phytomonas (5th ed ) 
Pseudomonas (6th ed ) 
Pseudomonas 

55 
57 

Phytomonas (5th ed ) 
Xanlhomonas (6th ed ) 

56 

Phytomonas (5th ed ) 
some species in the the genus Agrobactenum (6th ed ) 
other species apparentlj in the genus Pseudomonas (6th ed ) 

Erunnta 
Bacterium (T & W ) 

Curved rods, single or umted in chains 68 

Straight rods and cocco-bacilli 62 

Rods curved, orgamsms capable of using phenolic compounds as a source of carhon, 
gas produced in 0 1% mtrate broth but no mtrites are produced, no carbohj drates 
fermented Mycoplana 

Not as above 69 

Short stout rods, motile with a single flagellum 60 

Long thm rods 61 

Cellulose ovidized to ovycellulose, no growth on meat infusion agar, cells curved with 


Flagella pentriohiate 


pointed ends 
Cellulose is not oxidized 

Note The genus Thiospira (6th ed ) is not treated 
Motile mth a smgle flagellum, cellulose oxidized 
IMotile with several polar flagella, cellulose is not oxidized 


Cellfactcula 
Yibno 


Lactose fermented within seven dajs 

Lactose not fermented within seven daj s 

Growth on MacConkej 's agar in three daj s at 37 C 

Not as above 

Motile at 37 C 

Non-motile at 37 C 

Acid and gas produced from glucose 

Acid onlj produced from glucose 

Colomes jellow 

Colomes not pigmented 

Methjl red positive, Voges Proskauer negative 
Methjl red negative, Voges Proskauer positive 


CS Indole produced 


Cellvtbno 
Spirillum 
(except S viTgintanum) 

63 
84 

64 
76 

65 
71 

66 
68 

Flavobaclenum 
Chromobactenum (T & W ) 
67 

Escherichia 
Bacterium (T <L W ) 
Aerobacter 
Bacterium (T & W ) 


Eberthella (5th ed ) 
appended to the Salmonella (6th ed ) 
Indole not produced 69 

69 Small translucent colomes, grejush jellow, mucoid, small slender rods in smooth 
colomes, ovoid rods with bipolar staimng in rough colomes, cause melioidosis in 
man and animals Malleomyces 

Pfeifferella (T <fc W ) 

Not as above 70 
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70 Yellow p.gmented colonies FlaMum 

, , ChTomc^aclenum ri fc'fS) 

Colonies not pigmented i..' , ' 

71 Acid and gas from glucose ^ 

Acid only from glucose 

i2 Methyl red positive, Vogcs Proskauer negative 73 

Meth}! rod negative, Voges Proskauer positive Aeroicdd 

Socienum (T&W) 

7d Colonies not mucoid, organisms not capsulated Eschenchia 

Bacienum (T & W ) 

Colonies mucoid, orgamsms capsulated, pathogenic causing throat infections in man 
and animals KldntUa 

Bacienum (T & W ) 

74 Yellow pigmented colonies Fhvohadmm 

Chromobaclenum (T & W ) 

Colonics not pigmented 7j 

76 Enteric organisms , optimum temperature 37 C , pathogemo , agglutinated with shigella 

antisera Sfttjtlla 

Non enteric organisms, optimum temperature below 37 C, water or soil organisms not 
agglutinated by any shigella antisera Acfiromabadtr 

70 Motile 77 

Non motile SO 

77 Small cocco bacilli, capsulated, colony mucoid, isolated from the conjunctiva 

Nosuehs 

Not ns above 7S 

78 Cellulose hydrolyzed CeUukmom 

Cellulose is not hydrolj zed 73 

70 Yellow colonies Flaeobadenm 

Chromohacienum (T & 17 ) 

Non-pigmented colomes Achromebadtr 

50 Small ovoid cocco bacilh usually showing bipolar staining, cause hemorrhagie eepti 

cemia in animals Paslcurella 

Not as above 

51 Colomes adherent to the agar, resemble sulfur granules but are not j allow, orgarnsnu 

may show bipolar staining, strict parasites causing actinobaciUosis m man and 
ommols ActinobactUut 

fi2 

Not as above 

82 Cellulose hydrolyzed CeUuloirumM 

Cellulose not hydrolyzed 

83 YeUow colomes 

Chromobaclenum (T & 7 

Colomes not pigmented Achromobadn 

84 Non motile at 37 C or at 22 C jjg 

Motile at one of these temperatures gg 

86 Grows on MacConkey’s agar in three days gj 

No growth on MaoConkey’s agar in three days 

86 Acid or acid and gas from glucose g3 

No aoid or gas from glucose gg 

87 Acid and gas from glucose gg 

Acid only from glucose , * 

88 Organisms capsulated, colomes mucoid, orgamsms pathogenic causi g 

tions in man and animals „.i„„npllft ctoup 

Colomes not mucoid, orgamsms not capsulated, agglutinated by SalmoneHa 

D "0” antiserum 


82 

CeUuIomonai 
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Small o\oid cocco-bacilli, maj show bipolar staining, colomes on agar verj small, 
glistening and colorless , orgamsms cause plague in man and animals Pasteurella 


90 


91 


92 


Not as above 

Colonies pale grej , translucent 
Colonies mth a j ellow pigment 

Organisms agglutinated bj shigella antisera, enteric pathogen 
Not as abo^e 

Orgamsms attack alkjlamines 
Not as abo^e 


90 

91 

92 

Shigella 
Achromohacter 
Protaminohacter 
Flaiobactenum 
Chromohactenum (T & TV ) 

93 Colomes with a jellow pigment Flavobactenum 

Colomes not pigmented 94 

94 Litmus milk stronglj alkaline, no carbohjdrates fermented Alcahgenes 

treated in the Miscellaneous groups (T & W ) 
Litmus imlk acid or unchanged Achromobacier 

95 Acid produced from glucose 96 

Glucose not fermented 100 

96 Colomes on blood agar ^e^J small, transparent, dew-drop or bisected pear, no growth 

on meat infusion agar, organisms usuallj small cocco-baciUi but maj occur as long 
spiral filaments on first isolation, inhabitants of the respiratorj tract but ma} be 
found in large numbers in the cerebrospinal flmd in cases of memngitis in children 

Haemophilus 

Not as above, will grow on meat infusion agar 97 

97 Slender rods, 1 0 to 3 0 ai long often arranged in pahsades, pleomorphic, will grow on 

meat infusion agar in 48 hours producing a smooth entire, glistemng butjTous 
colonj about 1 mm in diameter, bipolar staimng common, caf4 au lait on potato, 
Strauss reaction in guinea pigs, stnct parasites causing glanders especially in man 
and horses Malleomyces 

Small ovoid cocco-baciUi, 0 7 to 2 0 long, arranged singly, in pairs and in small 
bundles, may be pleomorphic and show bipolar staimng, will grow on meat infusion 
agar in 24 hours at 37 C producing a small entire smooth glistemng colonj which 
maj extend from 1 to 6 mm in diameter in 5 days incubation, no growth on potato, 
parasites producing hemorrhagic septicemia in animals and birds Pasteurella 

Not as above 98 

9S Orgamsms attacking alkjlamines Protaminobacier 

Not as above 99 

Colomes j ellow Flavobactenum 

Chromobactenum (T <t W ) 

Not as above Achromobacier 

100 Litmus rmlk acid or alkahne 

Litmus milk unchanged 101 

101 Yellow colomes Flavobactenum 

Chromobaclenum (T & TV ) 

Colomes not pigmented 102 

102 Colomes 1 to 2 mm in diameter in 24 hours, pale grey, translucent, growth on meat 

infusion agar good, normal inhabitants of water, saprophj'tic Achromobacier 

Colomes on meat infusion or blood agar 0 5 to 1 0 mm m diameter, often no growth 
on meat infusion agar on first isolation , cocco-bacilh , parasitic on man or anim a ls 103 

103 Orgamsms causing subacute infectious conjunctivitis or angular conjunctivitis, occur 

predominantlj as diplobacilli, LoefiSer's blood serum slowlj hquefied 

Moraxella (6th ed ) 
Haemophilus (5th ed ) 

Isolated from the respiratory tract, memngeal flmd or eye exudates, small cocco-bacilli 
which reqmre blood or ascitic fluid or other bodj flmds and sometimes special growth 
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104 


105 


IOC 


107 


lOS 


109 


110 


111 


112 


113 


114 


116 


110 


factors for primary isolation after wbch some species can be trained to grow on 
meat infusion media, organisms nsaociated with influenia, whooping cough or 
meningitis, inspissated scrum is not liquefied Baeriwphlut 

Organisms associated with undulant fever in man, septicemic infections and abortion 
in animals, growth good on a liver extract agar, increased CO, tension often neces- 
sary for isolation 

Organisms cause acute ophthalmia (pink eye) m cattle, small gram negative rods 
predominantly arranged in diplobaciUi, enriched media necessary lor growth, 
LoefBer's scrum liquefied McraieUn 

Not as above jq 5 

Good groM’th on ordinary meat infusion agar, yellow pigment produced which is 
insoluble in water Phwbactft'/m 

Chromobacimum (T & W ) 

Not ns above, no j ellow pigment 106 

Litmus milk alkaline 107 

Litmus milk acid AchromoiacUr 

Organisms associated with undulant fever m man and septicemic infections with or 
without abortion in ammala BruceBa 

Not OB above Alcahgtm 

Acid and gas produced from glucose 109 

Acid onlj from glucose 110 

Glucose not fermented IH 

Organisms produce a swarming growth on moist ngar, gelatin is liquefied or indole is 
produced, or both Proteui 

Discrete colonics on moist agar, gelatin is not liquefied and indole is not produced, 
sucrose and salicin are not fermented, enteric pathogens of man, animals and birds 

BalmntUa 

Colonics mucoid, orgamsms capsulated, isolated from the eye (Rhesus monkejs), 
parasitic AoffucAta 


Not as above 


111 


Small translucent greyish yellow colomes, mucoid, small slender rods in smooth 
colonies, ovoid rods with bipolar staimng in rongli colomes, motile at 37 G, organ 
isms cause melioidosis in man and ammals llaUtmy«> 

PJnffereUa (T &V{) 

Small umbonate granular colomes, translucent with a dull finely granular "beaten 
coopor” surface, entire, butyrous, organisms cause pseudotuberculosis m rodents 
^ PatUuma 

Not ns above „ , 

Yellow pigmented colomes ^ /*rx-Wl 

Chromobaclenum (T 4 ” / 

N t b 

Pathogenic, orgnmsm responsible for typhoid fever in 

group D antiserum >r a- W 1 

^ SafmoneIlfl(6thed,Ti»v; 

Non pathogenic, not agglutinated as above piawbaclertum 

Yellow pigmented colomes rr 4 W ) 

^ ^ Chromolaclmvm (1 * ” ^ 

Not ns above 116 

Litmus milk rendered strongly alkahne 117 

Litmus milk rendered noid or unchanged „q,oaated with 

Orgamsms causing broncho-pneumoma in rodents and sometimes gruccjfa 

canine distemper XJeoIifffnM 

Other than above 


(inoluding Agrobactenum rciiobacUr) 
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117 Small circular translucent colonics, mucoid, organisms causing conjunctiaal fol- 

liculosis in rabbits Noguchxa 

Kotasabo\c Achromobacler 

118 Cocci 119 

Rods and cocco-bacilli 120 

119 Edncj shaped diplococci Netsxcna 

Cocci in clusters, average diameter 0 3 ^ VciUonclla 

120 Minute rod-shaped orgamsms vrhich grow onlj in media containing sterile fresh tissue 

or ascitic fluid, found in the upper respiratorj tract of man Diahstcr 

Notasaboae 121 

121 Sponng rods Clostridium 

Non-sponng rods 122 

122 Plant pathogens 123 

Xot plant pathogens 124 

123 Pentnchiatc flagella Erwima 

Bacterium (T A, W ) 

Polar flagella Phytomonas (5th ed ) 

Pseudomonas (6th ed ) 

124 Long tapered cells, 3 to 16 p with distinct granules, grow poorly on ordinarj meat 

infusion agar Fusohactenum 

Xever more than 3 m long, rounded ends, pleomorphic Bacteroidcs 


STOBLART 

A mechamcal key for the identification of bactena in the Suborder Euhacien- 
ineae and the Order Aciinomycetales is submitted Attention is drawn to the 
necessity for precise defimtions for species and genera 
The key submitted in this paper was ongmally prepared as an alternative to 
the keys provided m the fifth edition of Berge3’’’s Alanual of Determmative Bac- 
tenology for placmg bactena into their respective genera It has smee been 
amended to cover the sixth edition of the Manual and is bemg submitted m the 
hope that it will be generally tested and cnticized and that its deficiencies wiU be 
rectified by suggestions from workers expenenced m particular fields 

Directions for the procedure adopted m descnbmg bactena are available m 
the majonty of textbooks but there are no directions for the apphcation of the 
information to the identification of the organisms The onlj’- attempt to supply 
this gmdance which covers all types of bactena and related microorganisms is 
to be found m Bergej'^’s Manual of Determmative Bactenology The attempt has 
not been veiy successful The fault m the Manual hej’^s hes m the attempt to 
combme a system of classification with a system for identification An alternative 
method, which effective^ separates the two systems and should benefit both, is 
suggested m this paper The key proposed will be capable of marked improve- 
ment when bactenologists provide more adequate descnptions of many listed 
species and genera but m the meantime it should serve a useful purpose 
Acknowledgments I wish to convey my thanks to Mr St John Kent, now Pnn- 
cipal of the School of Dairj’’ Technology’’, Wembee, '\fictona, for the mterest he 
displayed m the preparation of the key m his laboratory at the Department of 
Agnculture and Stock, Queensland I wish also to thank Professor S D Rubbo, 
Professor of Bactenology, Umversitj’^ of Melbourne, Professor J S Turner, Pro- 
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Bactonology, University of Melbourne for their comments and cnbcism 
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imiUNOCHEmCAL STUDIES ON BLOOD GROUP SUBSTANCES^ 

ELVIN A KABAT 


Deparimenli of Neurology and Bacteriology, College of Physicians and Surgeons, and the 
Neurological Institute, Presbyterian Hospital, New York 

Ever Since the discovery of the four major human blood groups by Landstemer 
(cf , 35, 37), mterest m the chemical nature of the antigens which furnish the 
basis for this classification has been contmual It was at first beheved that there 
were but two substances, the A and B substances, but it is now clearly estab- 
lished that blood group 0 is determmed not by the absence of the A and B 
substances but by the presence m the cell of a characteristic blood group sub- 
stance, called 0 substance (cf , 9, 53) Studies of earher mvestigators, Landstemer 
(35, 37), Schiff (49), Witebsky (54-55), Meyer, Smyth and Palmer (41), Freuden- 
berg, et al (13), Goebel (14) and others, have established that these antigens or, 
as they are usually termed, blood group substances, are widely distributed 
throughout the animal kmgdom, and water-soluble products possessmg blood 
group A, B, or 0 activity, alone or m combinations, have been obtamed from 
tissues or secretions of various animal species (cf , 9, 37, 53) For instance, hog 
gastric mucosa (39, 41), commercial preparations of peptones (49), swme pepsm 

(38) , and the fourth stomach of the cow (abomasus) (24) have been shown to 
contain blood group A substance, and horse sahva and stomach to contam blood 
group A and B substances (36, 34, 57) Tissue flmds and secretions, such as 
serum, sahva (9, 30), gastnc juice (55), unne (13), etc from 80 per cent of hu- 
mans of a particular blood group contam the correspondmg blood group sub- 
stances m soluble form, mdividuals are classified as secretors or non-secretors 
depending upon whether their secretions (usually sahva) contam blood group 
substance (cf , 9, 37, 48, 53) 

The activity of blood group substances m solution is usually measured by 
their capacity to combme with homologous antibody and to prevent the anti- 
body from agglutmatmg erythrocytes Assays are earned out by the usual sero- 
logical dilution methods and the activity of vanous preparations may be com- 
pared by measurmg the Tninimnm quantity of each capable of neutrahzmg an 
arbitrary number of hemagglutinatmg umts of antibody (cf , 33, 53) With this 
hemagglutmation inhibition techmc as a gmde, a number of mvestigators, 
notably Schiff (49), Goebel (14), Witebsky ei al (55), Landstemer and Harte 

(39) , Morgan (44^16) undertook to punfy these materials from a vanety of 
sources and obtamed products which were predommantly polysacchande m 
nature Landstemer and Harte (39), however, demonstrated that even their 
purest preparations contamed a mm o acids and these observations were confirmed 
by other mvestigators (44, 7) 

From the standpomt of the immunochemist, however, the assaj”- of blood 

1 Address to the Societj of American Bacteriologists bj the recipient of the Eh Lilh and 
Company Award in Bactenology and Immimologj , Cincinnati, Maj 19, 1949 
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group activity by the hemagglutination inhibition technic was relatively im 
satisfactory, because of the large errors mvolved and the consequent difBculty 
of companng the activity of vanous preparations with one another and of corr^ 
lating activity and other chemical properties Ji a precipitin reaction between A 
substance and homologous anti-A formed in humans could be demonstrated it 
would immediately be possible to apply the powerful technics of quantitative 
immunochemistrj (cf , 16, 25, 26, 33, 51) to the assay of these substances and 
to obtain estimates of thCir punty 

Three important dev elopments took place which prepared the way for the 
demonstration of such a precipitm reaction The first of these was the develop 
ment of a micro modification of the quantitative precipitm techmc by Heidel 
berger and MacPherson (21) This method involved the use of relatively large 
vmlumes of serum (as much as 4 ml per determination) and allowed intervals of 
7 to 8 days in the refrigerator for precipitation to take place In this manner 
quantities of antibody nitrogen as low as lOjug could be measured with a pre 
cision of ±2 pg N The method proved especially valuable m the assay of the 
antibody response in humans durmg convalescence from pneumonia (17) or 
follomng immunization with the type specific pneumococcal polysaccharides (20) 
The second was the introduction of the Morgan and Kmg phenol method (44) 
for the purification of the blood group A substance from hog gastnc mucm This 
procedure mvolves evtraction of the mucm with 90 per cent phenol, and pre- 
cipitation of the blood group A substance from the phenol eirtract by the addition 
of alcohol to a concentration of 10 per cent by volume The third development 
was the finding by Witebsky, Klendshoj and McNeil (56) that blood group A 
and B substances were antigemc m humans who lacked these factors and that 
the anti-A and anti-B titers in such mdinduals could be readily mcreased by 
the injection of small quantities of such substances 
Our laboratory was interested m the blood group substances and it appeared 
desirable to inv^estigate the possibihty of obtammg a precipitm reaction between 
A substance and anti-A by these newer microtechmcs It was soon apparent 
that specific precipitation between A substance and anti-A and between B sub- 
stance and anti-B occurred but that the quantities mvolved were not detectable 
by the usual methods (32) For instance, before immumzation the serum of one 
individual of group 0 had an anti-A titer of about 8 to 16 and contamed about 
2 to 3 Jig anti-A mtrogen per ml, after immumzation the anti-A titer had in 
creased to 512 and the precipitm content to 54 ;ig anti-A N per ml The nse m 
titer and in precipitm content of the sera ran parallel within experimental error 
Injection of A substance into mdmduals of groups A or AB, or of B sul^suce 
mtrO mdividuals of groups B or AB did not produce any hemaglutinm ^ 
nse to neghgible quantities of precipitm The precipitm reaction of A ^ 
from gastnc mucm with anti-A produced m humans immunized wim 
stance was studied quantitatively and found to be of the usual type 
precipitation of anti-A occurred when a slight excess of A substance was p 

in the supernatant (32) , 

The quantitative precipitm method provided a more precise asw 
relative quantities of blood group substance in vanous preparatio 
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readity be accompbsbed by adding known quantities of the samples contammg 
A substance to be tested to a measured volume of anti-A and determmmg the 
quantity of antibodj’’ nitrogen precipitated Bj’- interpolation of this value on a 
cahbration cune, relating the quantity of antibodj’- mtrogen precipitated by 
varjong known amounts of a blood group A preparation arbitrarily chosen as a 
standard, the relative capacity to precipitate anti-A of the preparation to be 
tested m terms of the standard could be determined (cf , 33) By this techmc a 
vanety of blood group A substances were compared and the stabihty of the A 
substance at vanous pH levels was mvestigated (29) 

To obtain additional information about the purity of the blood group sub- 
stances it was decided to obtam matenals from mdl^^dual hog stomach limngs 
instead of from a random pool of hog stomachs such as represented by gastnc 
mucm Witebskj’- (54) had pre\uousl 3 '- noted that onlj’- two of five hog stomachs 
showed blood group A actmtj’- and it seemed possible, by selection of hog stom- 

TABLE 1* 


Properties of Blood Group A and 0 Substances from Individual Hog Stomach Limngs 



A 

0 

No of stomachs 

7 

3 

Nitrogen % 

5 £>-€ 6 

5 7-6 1 

Reducing sugar % 

55-61 

56-59 

Glucosamine % 

32-34 

32-34 

Acetjl % 

9 3-11 3 

9 4-9 9 

Bel \’isoositj 

1 39-1 71 

1 47-1 63 

Electrophoretic mobilitj pH 7 4 cmVvolt-sec 

-1 4 X 10-5 

-1 3 X 10-5 

Constituents isolated 

L-fucose 

L-fucose 


D-galactose 

D-galactose 


D-glucosamine 

D-glucosamine 


* From (7, 8) 


achs showmg A activity, that products of higher punty might be obtained 
Accordmgly the stomach limngs from 10 mdindual hogs were digested -with 
pepsm or allowed to autotyze, the digests precipitated -with 5 volumes of ethanol 
and the precipitates dned and purified (7) by the Morgan and King phenol 
method (44) Although only seven of the 10 stomachs had shoivn A acti-vity, 
products were obtained m similar jueld from aU ten stomachs which were identi- 
cal m nitrogen, glucosamme, reduemg sugar, acetyl and m electrophoretic 
mobihtj’- The range of analj4.ical properties found (7, 8) for the preparations 
showmg A actmtj’- and those which did not are gii en m table 1 Bray, Henry and 
Stacej’- (10) had established the presence of L-fucose m preparations of A sub- 
stance obtained from pools of hog stomachs and it was possible to isolate dem a- 
tives of L-fucose, D-glucosamine and D-galactose from the products sho-wmg A 
actmty and from those which did not show A activity (8) 

The products which had no A actmtj were sho-wn to possess O actmty as 
emdenced bj’- their ability to inhibit hemagglutmation of 0 cells bj’- cattle anti-0 
(S) jMorgan and Waddell (46) had noted the presence of O activity m A prepara- 
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tioM f^rom hog gastnc mucin and Anunoff, Morgan and Watkins (3) reported 
ttat fte alcohol precipitates from autolysates of hog stomachs contained either 
A or 0 activity Purified products obtained from mdimdual hog stomach Imm w 
•were shown to possess either A activity alone or 0 activity alone or m some in 
stances products, presumably from heterozygous hogs, exhibited both A and 0 
activity (8) Representative data are shown m table 2 These findings have re- 
cently been confirmed (10a) 

The capacity of the A preparations from mdividual hog stomach linings to 
precipitate anti-A produced by immumzation with hog A was assayed Six of 

TABLE 2* 

Afscty of Blood Group Substances for 0 A^iviiy by Inhibiiton of Hemaflplufincriion 

of Cattle Anit-0 


20 S 2 0^ OJ 


Samples showing A activity 


Hog 1 

+± 


+-b-b 

-b++ 

-b-f-b 

S3 

3 


-f-H- i 

-b+-f 

4-++ 

-b+-b 

90 

4 

+++ 1 

-f-f-f- 1 

++ + 

+-)-+ 

-b-b-b 

90 

5 1 

1 4-^ — h 

! -i-bd- 

1 +-f4- 1 

+++ 

+-b+ 

Si 


noioiTiojr 

OT 

ouTcratvrq 

ma»- 

nmx 

JT-um-A 


inClOClAUS SWSTAIWE 
ADDCO 


Samples showing both A and 0 activity 



• From (8) 

the seven A preparations from mdividual hog stomachs were identical in then 
precipitatmg power for anti-A (7) The seventh was somewhat less active an 
was found to possess some 0 activity (7, 8) A sample of blood group substance 
from hog gastnc mucm, containmg both A and 0 substance was found ^ 
only about 58 per cent of the precipitatmg power for anti-A of the materials rom 

individual A stomachs (7) , , 

The purified preparations showing only blood group 0 activity gave negup 
quantities of precipitate with anti-A Immumzation of humans of all four o 
groups ■with 0 substance did not give nse to any precipitins lor the A , 

stances These observations provide further evidence that the 
on immumzation of humans of blood group 0 and B with hog A su 
indeed anti-A (7, 8, 32) 
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A major question to be decided was whether the products obtamed from the 
A and 0 stomachs bj*^ the methods used, actuall 3 ’’ were the blood group A and 0 
substances No evidence on this pomt had previously been adduced and a likely 
assumption might be that the bulk of the products obtamed consisted of impurity 
of the composition mdicated by anatysis and that this impunty was contami- 
nated by a small amount of A substance if obtamed from an A hog or by a small 
amount of 0 substance if obtamed from an 0 hog 

It was possible to arnve at a defimtive exclusion of this latter possibihty by 
quantitative immunochemical methods Studies on the quantitative precipitm 
reactions of well defined smgle antigens and their homologous antibodies have 
established that all of the antigen is precipitated by an excess of antibody Heidel- 
berger and Kendall (19) showed that practically all of the color of a red azo dye 
protem antigen was precipitated b}’' an excess of antibodj’’ Stokmger and Heidel- 
bex^er (50) demonstrated that 96 to 101 per cent of the lodme m th^’Toglobulin 
was precipitated by an excess of antibody Similarly Hooker and Boyd (23) 
found aU of the copper of hemocyanm to be present m specific precipitates 
formed with excess antibody 

From these considerations, an estimate of the absolute purity of the blood 
group A preparation could be obtamed by analj'zmg washed specific precipitates 
formed m the region of antibody excess for some characteristic constituent pres- 
ent m the preparation added The most suitable constituent for this purpose was 
glucosamme smce it comprised about one-third of the weight of the blood group 
preparations If only a neghgible proportion of the weight of the samples was 
blood group substance then the specific precipitates formed with the A prepara- 
tions and anti-A should contam httle or no glucosamme Conversely, if the A 
preparation were pure A substance, essentially all of the added glucosamme, 
withm experimental error should be found m the precipitate (cf , 7) 

Representative results for a sample of blood group A substance from an 
mdividual hog stomach and from a specimen from hog gastnc mucm are shown 
m table 3 The specific precipitate formed by addition of excess anti-A to 90 ng 
of Hog 1 substance (29 ^lg of glucosamme) contamed 33 iig of glucosamme or 114 
per cent of the added glucosamme, while that obtamed under similar conditions 
from 120 ^g of sample lA (36 fig of glucosamme) contamed 28 fig of glucosamme 
or but 78 per cent of the quantity of glucosamme added Two correction factors 
must be apphed to these values One of these is a correction for the solubihty of 
the A-anti-A specific precipitate The quantities of antibody N precipitated by 
equivalent amounts of A substance were corrected to zero volume by addmg 
1 6 fig N dissolved per ml for the total volume m which the analysis was earned 
out A solubility correction factor was obtamed by dividmg the antibody N cor- 
rected to zero \ olume by the uncorrected value and the glucosamme found m 
the specific precipitate was corrected for solubihty by multiplymg by this 
solubilitj' correction factor The correction for solubifitj' mcreased the amounts 
of glucosamme m the specific precipitates (table 3) bj^ 7 to 8 per cent 

The second correction factor is one for the glucosamme content of the antibody 
This was estimated bi*^ determimng the ratio of glucosamme to mtrogen m 
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normal human gamma globulin and mulfciplymg the quantity of antibody N 
precipitated, corrected for solubility, by this ratio 0 07 Subtracting the elu 
cosamine content of the antibody from the glucosamme content of the specific 
precipitate after correction for solubihty gave 24 /ig of the 29 m of hog 1 elu 
cosamine precipitated by anti-A and but 20 pg of the 36 ng of the hog muem 
sample lA precipitated by anti-A These values represent 83 and 56 per cent of 
the added glucosamine (table 3) The values for the six mdmdual hog stomachs 
shomng only A activity vaned from 75 to 90 per cent with an average of 84 per 
cent of the glucosamine precipitable by anti-A (7), and repeated determinations 
on sample 1 A gave an average of 54 per cent The ratio of 54/84 or 64 per cent 
for the proportion of the glucosamine of sample lA to that of the individual hog 


TABLE 3* 


Glucosamine Analyses on A an(i-A Specific Precipitates 



BOO 1 

U 

MiorogrnmB subslanco added 

90 

120 

Micrograma glucosamino added 

29 

36 

ml scrum used 

3 

3 

ml total volume 

6 

6 

Miorograms glucosamino in ppt j 

33 

28 

Percent glucosamme recovered 

114 

78 

Miorogroms antibody N in ppt found 

144 

126 

Miorograms antibody N m ppt corrected for solubility** 

' 154 

138 

Solubility correction factor 

1 07 

1 OS 

Micrograma glucosamme in ppt corrected for solubility 

35 

30 

Glucosamino duo to antibody (N X 0 Off) 

11 

10 

Microgroms glucosamino due to A substance 

24 

20 

Percent of added glucosamine m specific precipitate 

S3 

56 


* From (7) 

** Solubility of A onti-A precipitates 1 6 g N/wl 
f Glucosamino content of human gamma globulin 


stomachs precipitable by anti-A is m good agreement with the value of 58 per 
cent for their relative capacities to precipitate anti-A Only 70 per cent of the 
glucosamine of blood group substance from a seventh hog stomach (hc^ 9) 
table 2) which contained some 0 substance was precipitable by anti-A In another 
instance, hog 32, which was predominantly 0 substance (table 2), only 10 per 
cent of the glucosamine was precipitated by anti-A The values are subject to 
the uncertamty that the ratio of the glucosamme to mtrogen contents of an i 
imght differ slightly from that of human gamma globulin (7, 8) 

These findmgs, however, clearly exclude the possibihty that only a small pr^ 
portion by weight of the purified blood group A preparations is blood group 
substance Accepting the average of 84 per cent of the glucosamme ® 
rations as precipitable by anti-A, and since the samples contain 3 per cen 
glucosamme, at least 28 per cent (0 84 X 33) of the weight 
substance from individual bog stomachs showing A activity has been 
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be mvoh ed m tbe reaction with anti-A (7) These conclusions would not be af- 
fected by the report of Aminoff and Morgan (1) based on paper chromatograph 3 ', 
that chondrosamme is present in the blood group A substance in addition to 
glucosamine The method of anah'sis measures total hexosamine and the values 
referred to as glucosamine ma}' actual^ be glucosamine plus chondrosamme, 
each of which give equal color values per umt weight m the glucosamme analj^sis 

Human blood group A substances ha\e been prepared from human sahva 
by a process of peptic digestion, alcohol precipitation, and phenol purification 
(30) The analytical properties of the human blood group A substances are 
generally similar Unhke the hog substances, however, human blood group A 
substances occur m tvo fractions a phenol-insoluble fraction, and a portion 
soluble m phenol and precipitable from phenol at a concentration of 10 per cent 
ethanol Analj^ses of specific precipitates of blood group A substances from human 
sahva, ha\ e shown that with the best preparations essentiaUj^ all of the glucos- 
amme was precipitated by anti-hog A (30) 

Additional information on the blood group substances was obtamed by a 
studj’^ of the cross reaction of the substances with Tjqie XR’’ antipneumococcus 
serum The Tj-pe XR'’ specific pol 3 ^cchande contains two of the sugar con- 
stituents present m the blood group substances, namely X-acet 3 d D-glucosamme 
and D-galactose, and T 3 ’-pe XR'" serum was found to agglutinate A, B, AB, and 
0 er 3 dhroc 3 i:es (5, 12, 52, cf , 33) and the blood group 0 substance has been 
shown to inhibit hemagglutmation of 0 erythrocytes by T 3 pe XR^ antibody 
(57) In addition a sample of blood group A substance from pepsm had been 
shown to precipitate with T 3 pe XR'' antibody (5, 15) The purified blood group 
A and O substances from mdividual hog stomachs, as well as purified human 
A, B, and O substances were also found to precipitate with T 3 pe XIV antibody, 
these obsen ations prondmg a chemical basis for the agglutmation of ei 3 dhro- 
C3i:es of all four blood groups by t 5 pe XIV horse antibod 3 '- (31) 

A veiy surpnsmg findmg m the cross-reaction of the blood group substances 
with T 3 pe XR'' antibody was that mdividual preparations of blood group A 
substances, which were identical m their reactivity with anti-A vaned widel 3 '’ 
m then capacity to precipitate T 3 pe XR^ antibod 3 '’ For instance, 500 ng of blood 
group A substance from hog 10 precipitated only 19 X from 0 5 ml Type XIV 
serum while equal quantities of similar products from hogs 16, 3, and 8 precipi- 
tated 39, 72 and 72 fig N respective^’’ A similar range of variation m precipi- 
tatmg power for T 3 q)e XR'' antibody was observed with hog blood group 0 
substances as well as -with blood group A and O substances from human sa- 
hva (31) 

In an attempt to understand the basis for this difference m cross-reactivit 3 ’’ 
of preparations with identical blood group A actmty, the pH stabihty range of 
the blood group A substance was mi estigated mth emphasis on the effects on 
cross reactmt 3 (27) Earlier studies (29) had shoim that the capacity of the 
blood group A substance to precipitate anti-A was unaffected by heating at 
100 C for 2 hours over a pH range of from about 3 to 7 5, loss of actnit}' oc- 
curred on exposure to 100 C at pH 1 and at pH 9 0 or aboi e With respect to 
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cro^reactmty ^vlth Type XIV anfabody, however, it was found that heato 
at 100 C for 1 to 2 hours at pH of 1 5 to 1 8 resulted m complete loss of b2 
poup A activity but caused a striking increase in the capacity of the material 
to precipitate with Type XTV antibody For instance 600 ftg of hog 10 oneinallv 
prempitated 19 pg N from 0 5 ml Type XTV serum but after 2 hours at 100 C at 
a pH of 1 69, the same quantity of substance precipitated 64 ;ig N from 0 5 ml 
serum, with hog 16, the change on heatmg was from 39 to 70 ;ig N This eSect of 
heatmg at acid pH on cross reactivity was found with hog 0 substance as weD 
as with human A and B substances and appears to be characteristic of blood 
group substances (27) 


TABLE 4* 


Bialyzablc Conittluenls Liberated by Mtld Hydrolysis of Hog A and 0 Subslanus 



BOO IS (A) 

HOO 29 (0) 



mi 

Amount substance used 

260 

265 

Conditions of hjdroljsia 

2 hours, pH 1 6 

1 hour, pH 


Pound in 

dialysate 

Reducing sugar bj drolyzed ■ 

57 

30 6 

unlij drolyzed 

31 

' 16 3 

Glucosnrmno hj drolj zed 

23 

74 

unhvdrolyzed 

4 3 

1 2 

Fucose 

17 1 

17 9 

Nitrogen 

3 2 

2 2 

Non glucosamine N 

1 4 

1 6 


» From (27) 


To ascertain some of the chemical changes which took place on heatmg at pH 

1 6 to 1 8 and which might be responsible for this mcrease m cross reacting, 
260 mg of blood group A substance (hog 16) was heated at 100 C at pH 1 5 for 

2 hours The solution was then dialyzed, the dialysate concentrated in vaono 
under CO* and its composition determmed by analysis and by paper chromatog* 
raphy The results (27) are given m table 4 The dialysate contained 17 1 mg of 
free fucose, about 80 per cent of the quantity mitially present m the 260 mg of A 
substance (hog 15) In addition it contained parti^y depolymenzed glucos 
amine-galactose residues as evidenced by the increase m glucosanune an 
reduemg sugar on further hydrolysis of the dialysate It also contained 1 5 mg 
of non-glucosamme N Sunilar findmgs were obtamed with a blood group 
substance (hog 29, table 4), except that about sixty per cent of the 

spht off under the somewhat milder conditions of hydroljeis 
non-dialyzable portion of the blood group substances after the^d ^o^^^ 
procedure yielded products with mcreased cross reactivity with Type 
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serum and mth much lower methylpentose contents than the ongmal blood 
group BUbstnnces, the other analjdiical properties were not significantly altered 
except that the optical rotation became more positive (27) 

These chemical and immunochemical findmgs permit certam inferences to be 
drawn as to a portion of the structural pattern of the blood group substance 
The Tj’pe specific carbohydrate (SXIV) and the hog blood group A and 0 
substances have been shown to consist of N-acetyl-glucosamme and galactose 
residues By inrtue of the cross-reaction of the blood group substances with Type 
antiserum, it would seem reasonable that both the SXTV and the blood 
group substances possess m the basic cham, which need not necessarily be a 
straight cham, a senes of N-acetjdglucosamine-galactose residues, the sequence 
m the vanous substances not necessarily bemg identical, but givmg nse to 
patterns with certam similanties of structure at vanous pomts on the cham, 
much as m the case of the structures proposed for SlH and S^TII to explam 
their cross-reactivity with their heterologous antipneumococcal horse sera (18) 
The blood group substances, unhke SXTV, contam fucose residues and by 
methjdation studies, Bray, Henry and Stacey (10) have shown these to be present 
as end groups If these fucose end groups were attached to the mam N-acetyl- 
glucosamme-galactose cham at vanous pomts, they would project outward and 
rmght very well prevent the cross-reactmg groupmgs from combinmg with anti- 
body Eemoval of these fucose residues might either provide additional cross- 
reactmg sites on the mam cham or might make possible a closer approach of the 
antibody molecule to the reactive groupmgs on the mam cham and thereby 
mcrease the extent of the cross-reaction as has been observed (27) The fact 
that the fucose may be easily removed without effectmg appreciable hj’^drolysis 
of the mam galactose-glucosamme cham is further evidence that the fucose does, 
mdeed, occur as end groups and is not an mtegral part of the mam polysac- 
chande cham 

These data, however, provided no explanation for the vanation m the capacity 
of mdividual blood group substances to precipitate Type STV antibody The 
development of a specific color reaction for methylpentoses by Dische and 
Shettles (11) made it possible to detenmne the methylpentose contents of the 
vanous blood group samples (4) The fucose contents of the mdividual hog blood 
group A or 0 samples vaned from about 6 to 13 per cent with an average of 9 per 
cent Similar vanation was noted among preparations of human blood group 
substances, but the values were somewhat higher rangmg from 9 to 16 per cent 
with an average of about 13 per cent 

A plot of the total N precipitated from 0 5 ml Type XR'' antipneumococcal 
horse serum by 500 ng of the vanous hog blood group A and 0 substances is given 
m fig 1 It is apparent that there is an mverse relationship between fucose con- 
tent and cross reactivity This is m accord with the concept advanced above 
that the fucose residues project as end groups from a cham of N-acetylhexos- 
amme-galactose residues and that these fucose residues reduce the cross reactivity 
with Tjqie XR^' antibod 3 ’’ Fucose values as high as 18 per cent with complete 
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al)sence of cross reactivity for human blood group substances am 
wtnwhat unus^l in ^ueir of the agglutination ^n mo and tn ntro of hLan I 
and 0 eiytliroc^es by Type XIV antipneumococcal home serum (12 52) 

among the mduidual preparations of human blood group substances Howeier, 
a sample of blood group A substance from hunoan ovanan cyst fimd (45) obtained 
from Dr W T J Morgan at the Lister Institute was found to contam 18 per 
cent fticosc (28), the highest value of any sample tested It did not react mth 



Fio 1 Relation between fucose content and cross reactivity of hog A and 0 substances 
with Type XIV antipneumococoa! horse seruni H635 X “ hog A substances, O “ tog 0 
substances Ordinate «» micrograms N precipitated by 600;jg blood group substance from 
0 6 ml antiserum (Rof 4, Journal of Evpenmental Medicine ) 


Type XIV antiserum until subjected to mild acid hydrolysis, providuig further 
evidence of the role of the fucose in blockmg cross reactivity These observations 
were conhrmed m Dr Morgan’s laboratory (3) This group also found that the 
capacity of the A substance to inhibit hemolysis of sheep erythrocytes by rabbit 
antiserum to human A cells ivas enhanced after removal of fucose by mild 
hydrolysis (cf , Landsteiner and Harte (39)) 

The availability of a specific method for the estimation of fucose made i 
possible to determine the proportion of the fucose of the blood group A su 
stances specifically precipitated by excess anti-A as had been done for the hexos- 
amme of the A substance (28) The data obtained indicated that, withm e^- 
raental error, essentially all of the fucose of the best hog and human 
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group A substances w as specifically precipitable bj’’ anti-A This was independent 
of the ^ anation in fucose content among the mdmdual preparations 
Bj' analj sis of specific precipitates for both hevosamine and fucose, about 34 
to 3S per cent of the weight of the hog A substances and as much as 45 per cent 
of the eight of a human blood group A substance has been shown to be pre- 
cipitated by anti-A (28) From the cross reaction studies and the demonstration 
that the hexosamine is present as X-acetjl hevosamme (cf , 43), it is reasonable 
to assume that both the galactose and the acetyl could also be precipitated b}’’ 
anti-A This would raise the weight of matenal associated with A actmty to 
about 70 to SO per cent and leave onty the role of the ammo acids to be estab- 
lished Small amounts of impurities maj’’ still be present m the preparations, 
Holzman and Niemann (22) have attributed vanations m the absorption at 
2600 A among different preparations of blood group A substance to an unpunty 
but no data on the amounts present are available 
While the chemical and immunochemical studies to date ha\e led to the 
preparation of blood group substances from several species m fairly pure form, 
have produced methods for their characterization and the estimation of their 
absolute punty on a weight basis, and have also provided some shght inkhng as 
to their structure, the major problems await further study Nothmg is known of 
the structural relationships determining blood group A, B, or 0 activity and 
specificity, the most important and difficult phase of the problem Recent studies 
are providmg more and more evidence that the blood group A substances of 
different species are not identical but show species differences and cross-reactions 
essentially similar to those found for the serum and tissue proteins Species 
differences among blood group B (6) and O (47) substances have also been 
reported The mtensrve immunochemical mvestigation of such species differences 
appears to be a pro misin g approach to study further the fundamental chemical 
basis of blood group activity 
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NOjMENCLATURE iVKD CLASSIFICATION OF INSECT VmUSESi 

EDWAUD A STEINHAUS 
Umicrstty of Cahforma, Bcrlclcij, California 

Although there were earlier attempts to name and classi^’- ^^ruses, the subject 
gamed new and critical attention when the si\th edition of Bcrgcy's Manual of 
Deierminaitvc Bacicriology for the first time included a 160-page supplement 
titled “Order A^rales, The Filterable Viruses ” This supplement was prepared b 3 ’’ 
Francis 0 Holmes, and was an extension of an earlier prehmmarj' presentation 
published by him m 1939 It included animal viruses, plant ^^^uEes, and bacterial 
viruses (bactenophages) As organized bj' Holmes, the order Virales consists of 
13 famihes, 32 genera, and 248 species 

One’s philosophy’’ as to whether or not the time is j et npe to name and to at- 
tempt to classify the viruses may fall vnthin a range from \nolent objection to at 
least sympathetic acceptance of the idea There are those who feel that smce we 
have httle or no information as to hou \nruses multiply, these agents should not 
be treated m the same manner as are the bactena which, m general, divide by 
fission The fact that certam of the plant \uruses have been isolated m the form 
of crystalhne protems also causes some to question the appropriateness of applj’- 
mg a bmomial nomenclature to \nruses A more realistic approach, howexer, 
would seem to be the acceptance of the fact that there is a distmct need for some 
kmd of generally accepted nomenclature for these agents as is e\adenced by 
several past attempts at nomenclatures usmg numbers, letters, and other desig- 
nations Furthermore, the presentation made by Holmes m the Bergey Manual 
constitutes a formal and scientifically vahd proposal which should be dealt ■with 
m a scholarly manner On a general ideological basis, the writer is mclmed to 
accept the Holmes classification as a provisionally satisfactory startmg pomt 
Furthermore, even though m this paper certam constructive criticism 'will be 
offered concemmg pomts of pertment detail regardmg Holmes’ treatment of 
msect viruses, the ■writer ■wishes to make clear his appreciation of the great 
amount of thought and work that this author has put mto a commendable 
pioneer presentation 

So far as the appropriateness of applymg the bmomial system of nomenclature 
to the viruses is concerned, “with certam possible exceptions (e g , the admsabihty 
of reco gnizin g the "viruses as a new kmgdom), 'the ■writer finds hims elf m rather 
general agreement •with the pomt of view expressed by R E Buchanan m a 
talk at the “Bergey’s Manual Dmner” m Cmcmnati, May 17, 1949, and smce 
then circulated m mimeographed form In his discussion, Buchanan acknowledges 
several madequacies of Holmes’ systematics but beheves that none of them is 
fundamental and that there appears to be no good reason why the bmormal 
sy^em should be avoided The "writer also recognizes the statement m the In- 

* Contribution from the Laboratorj of Insect Pathologj , Di'vision of Biological Control, 
College of Agriculture, University of California, Berkelej 
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temational Bactonologicai Code of Nomenclature “Bactenological aomen 
clature considers bactena, related orgamsmB, and the viruses ” 

The present paper is concerned with the nomenclature and classification of 
only those viruses which infect and cause diseases m insects, it does not deal mth 
those viruses, of other animals and of plants, which are transmitted from host 
to host by insects Furthermore, it is to be recogmzed that some of the general 
izations made with regard to the insect viruses may not apply to plant and hwtobI 
viruses m general 


EtSTORICAI. ASPECTS IN BHTEP 


As it was with the virus diseases of plants and animals generally, so it ivaa 
with the virus diseases of insects — ^the first ones observed were attnbuted to 
other causes In addition to miasmic causes, early mvestigators assigned etiologi 
cal roles to certam protozoa, bactena, and fungi 
Probably the first recogmzed disease of insects to be caused by what is now 
known to be a virus was jaundice disease of the silkworm {Bambyx mm (Lnm )) 
Records os far back as the early 16th century refer to what is veiy probably this 
polyhedrosis It was not until the early part of the 20th century that the vinis 
nature of this disease was definitely acknowledged Not only was mlkwoim 
jaundice the first known virus disease of insects to have been discovered, but 
even today probably more is known concemmg it than any other of the more than 
a hundred reported virus diseases of msects Snnilarly, the agent of silkworm 
jaundice has served as the center for the development of a nomenclature for the 
msect viruses 


Believmg the agent of silkworm jaundice to be a protozoan, BoUe (1894) gave 
it the name Mtcrospondium polyedncum It was Bolle's conception that the 
polyhedral mclusion bodies were the spores of the protozoan which multiphed m 
a manner similar to that of coccidia Von Prowazek (1907) at first also beheved 
that a protozoan was responsible for the disease, but that the polyhedrs them 
selves were simply by-products of the infectious process He gave to the agent the 
name Chlamydozoon bombycis Prell (1918) considered the parasite to be located 
mthm the polyhedron and that the granules sometimes seen m the inclufflon 
represented the nuclei of the causative organism for which he proposed the new 
genenc name Crystalloplasma with the agent of silkworm jaundice, Cry^e ^ 
plasma polycdncitm (BoUe), as the type species Later, Prell (1926) gsve ® 
name Crysialloplasma monachae to the agent of WipJelkraTikheit, a polyhedrosis 


of the nun-moth caterpillar {Lymanina monacha Lmn ) t i, II 

By the time of Prell’s contnbutions, the idea that jaundice disease of the sj 
worm, as well as similar diseases of other insects, might be caused by ^ ^ , 

virus was bemg advanced by several workers, notably Acqua (191 1 ^ 

Paillot (1924 a, b, 1925, 1926 a, b, 1930) Pafilot identified the vir^ w 
mmute, ultramicroscopic granules wbch could be ^ 

of a darkfield microscope To these granules, which he considered 
of the disease, Paillot gave the name Borrelhna bombycis g 
Borrelltna honored the name of the French bactenologist, A 
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has retained its validity and includes those viruses \vhich cause the formation of 
pol}’^hedra m the tissues of the diseased host According to Holmes (1948), 
Paillot's onginal spelhng of the genenc name vath two I’s is an error, and the 
name should be spelled Borrdtna 

Mention should be made here of a lengthy paper by Del Guercio (1929) deahng 
with the taxonomy of what he believed to be the etiological agents of polyhedral 
diseases of numerous insects of Itaty Just what Del Guercio actually saw is 
difficult to say, thej’’ were unhke any known microorgamsm He beheved them 
to be organisms phjdogenetically located between fungi and algae on the one 
hand and true bactena on the other He charactenzed them as bemg rmcroscopic, 
thallus-shaped, arborescent vegetatne growths, hainng a ramified, involved 
structure growmg out of a stroma, and hainng fruiting bodies of polyhednc form 
with some species also hainng small coccus-hke reproductive forms Of 71 species 
reported, Del Guercio named 66 These species were separated mto 12 genera 
The type genus was Entomococciis of which the type species was Eniomococcus 
bornbycinus, the supposed cause of silkworm jaundice The drawmgs which illus- 
trate the paper mdicate the mcongruity of the work, and are difficult to mterpret 
from a biological standpoint As the writer has mdicated elsewhere (1949), it 
seems unnecessary to give serious consideration to the names proposed by Del 
Guercio smce it is quite obvious that w'hatever were the forms that he saw, they 
certainly were not viruses, and would appear to have no phylogenetic relation 
of any kmd to the agents which cause typical polyhedroses 

This bungs us to a consideration of the nomenclature proposed by Holmes 
(1948) m the sixth edition of Bergey's Manual of Deterrmnahve Bacteriology, 
and an evaluation of the genenc categones 

GENERA OP INSECT VIRUBES 

The classification of insect viruses as presented by Holmes groups these agents 
mto two genera, Borrelvna and M orator m the family Borrehnaceae, suborder 
Zoophagineae, order Virales The genus Borrelvna is charactenzed as consistmg 
of “Viruses mducmg polyhedral, wilt, and other diseases, hosts, Lepidoptera, 
so far as known ” The genus Morator is given the foUowmg descnption Only 
one species at present, mducmg the disease known as saebrood of the honey bee 

The madequacies of these descnptions are probably apparent to most students 
of insect viruses, although it should be admitted that the knowledge concemmg 
these viruses was poorly organized even as recently as when Holmes prepared 
his classification Nevertheless, enough information was at hand to have been 
more exactmg m the delimitation of genera Thus, Holmes’ statement that mem- 
bers of the genus Borrelvna are “known only as attackmg lepidopterous insects, 
although true for the species he recogmzes, does not take mto account the poly- 
hedroses of certam Hymenoptera and Diptera Bbs assertion that members of 
the genus Morator are “known only as attackmg the honey bee, a hymenopterous 
msect,” could perhaps have been broadened to mclude the virus (Borrehna 
fiacheriae PaiUot) responsible for mitiatmg the diseases of gattme and true 
flachene of the silkworm, a lepidopterous insect, although the uncertainty which 
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surrouiick the nature of thjs virus could reasonably justify its omission from this 
genus, at 1^ for the tune bemg To be more logically questioned is the ad 
vmbibty of moludmg Borreltna brassicae PaiUot and Borrelxna piem Paillot la 
the genus Borreltna, as was done by both PaiUot and Holmes These viruses not 
only do not give nse to polyhedral mclusions (but rather “granules”) m the 
infected cells of the host, but also produce a distmctly different type of disease 
from that caused by the socalled polyhedral viruses 
To assist m correctmg and clanfymg some of these systematic vaganra, the 
wnter has recently proposed (Stemhaus, 1949) that the known insect vmim be 
considered tentatively as consistmg of four pnncipal groups according to the 
type of inclusion bodies formed when the latter are present Thus, those viruses 
causing msect diseases characterized by the presence of polyhedral mclumoiiB in 
the infected cells of the hosts are placed m the genus Borreltna PaiUot, those 
viruses causmg insect diseases charactenzed by the presence of refrmgent, poly 
morphic mclusions of very irregular shape and size m the cytoplasm of the 
infected cells of the host are placed m the genus PatUoieUa Stemhaus, those 
viruses causing msect diseases characterized by the presence, m large numbers, of 
very small but rmcroscopically visible granular mclusions m the infected cells 
(particularly visible m the cytoplasm) of the host, are placed m the genus Ber 
goldta Stemhaus, and those viruses causmg insect diseases m which no visible 
pathological mclusion body of any kmd is produced are placed m the genus 
Moraior Holmes 

In all probability, the viruses causmg diseases m insects are not limited to the 
four genera just mentioned Indicative of this is the likelihood that theinfection 
descnbed by Weiser (1948) as occurrmg m larvae of Camptochtronomus ienUm 
(Fabr ) may be caused by a virus representative of a fifth genus Indeed, we 
should be mchned herewith to recogmze such a genus were it not for the fact 
that the virus itself has not yet been isolated or demonstrated with the electron 
microscope or other definmg physical means As will be explamed shortly, the 
wnter is of the opmion that henceforth and imtil other cntena are established, 
no new specific names should be proposed unless the viruses concerned have at 
least been demonstrated with the electron microscope or by other means which 
delmeate their basic physical and morphological properties In the present case, 
the virus not havmg been demonstrated, it is not possible to designate the re- 
quired type species for the genus and at the same tune adhere to the specifi^io^ 
just mentioned It may be pomted out, however, that the disease descnbed by 
Weiser differs from those caused by the viruses of the four named genera pn 
manly by the fact that the relatively large oval mclusion bodies occur in e 
cytoplasm of the infected cell (the nucleus remammg undamaged and of no 
size), and these bodies contam numerous small granules which can be seen m 
inclusions even without alkalme treatment 


ttpe spbcees 

Of the four genera mto which the msect viruses are grouped, 
and PatUcteUa) have type species ongmally named by PaiUot as members of 
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genus Borrclma In neither of these instances is it certain that this French 
iNorker actiiallj' sa^^ the vims In the case of jaundice disease of the silkworm 
(caused by Borrehna hombycis) he obseiaed certain minute granules, invisible 
by ordinarj microscopj but visible \\ ith the aid of a darkheld microscope, in the 
blood and tissues of the diseased insect PaiUot believed these granules to be the 
causatn e agent of the disease and it was to them he gave the name Borrelhna 
bombycis [Borrclma] The exact relation these granules of Paillot’s have to 
the xnms stdl remams to be determined Since then the actual xnms has been 
isolated and demonstrated i\ith certamt} bj' means of the electron microscope 
(Bergold, 1947), and has been shown to be a rod-shaped particle approximately 
40 by 2SS millimicrons m size In spite of the uncertainty as to the identity of the 
granules desenbed by Paillot, it is aclmowledged that this worker knew he was 
concerned inth a filterable mms and that the name he gave the granules was 
mtended for the etiologic agent of the disease which he beheved to be identical 
with them Names used prior to that of Borrehna bombycjs were not favored with 
as acceptable an insight as to the tme cause of the polyhedrosis concerned (most 
earher vTiters thought thej’ were naming a protozoan) and hence they have 
been generallj’’ ignored Consequently the name proposed by PaiUot has been 
accepted as the name of the vims In this we foUow Holmes’ acceptance of 
PaiUot’s nomenclature for those species which he named and recogmzed as 
associated with certain of the insect virus diseases It so happens therefore that 
the specific epithets proposed b}’’ Paillot have become those of the type species 
of each of the genera Borrehna and Paillotella The two species concerned are 
Borrehna bombycis PaiUot and Paillotella piens (PaiUot) Steinhaus The exact 
nature of Paillotella pieris is unknown, it is the only species known for the genus, 
and the disease it causes is the only one of its kmd so far reported 

At the time the writer (Steinhaus, 1949) proposed the name Bergoldia for 
the genus of vimses which cause those diseases provisionaUj’^ known as granu- 
loses, the only species bearmg a name was Bergoldia brassicae (Paillot) Stemhaus 
(= Borrehna brassicae PaiUot) Unfortunately, this species was so madequatety 
known as compared with certam others of the group that it would have been a 
very unsatisfactory tjqie species for the genus Furthermore, the genus could not 
be adequately characterized from what was known of this species alone Accord- 
iDgly, in d efinin g the genus, the writer mdicated as type species of the genus the 
Virus responsible for the granulosis (Bergold’s Kapselvirus-KranUieii) of Cacoecia 
munnana (Hbn ), which is the first one of the group to have been isolated m a 
free state (Bergold, 1948) and one about which relatively much is known The 
species was named Bergoldia calypta 

The tjqie species of the remammg genus, Moraior, is Morator aetatulae Holmes, 
^e cause of saebrood m honeybees 

CliASSIFICATION OF INSECr VIRUSES 

In recent years considerable progress has been reahzed m an understandmg 
of the basic nature of the insect viruses In order to bnng the infonnation per- 
taining to the classification and nomenclature of this group up to paraUel these 
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new advances, the arrangement which foUowB is presented In making this 
plantation, howoi^er, the wnter is under no illusions as to its mfalhbility 
Indeed, it is offered strictly in a tentative and provisional sense, and with the 
hope that it will senm as a satisfactory starting pomt for more profound treat- 
ment by others 

With regard to the naming of new species of insect viruses, the wnter wishes 
to make the proposal that henceforth new species be named only after the virus 
itself has been demonstrated as a morphologically distmct entity by accepted 
physical or visual means It is admittedly difficult to decide on the cnterm that 
should be used in naming species of viruses It would seem, however, that there 
IS something fundamentally wrong m descnbing as a new species an agent which 
has not even been seen or whose gross morphological aspects have not been 
determined At any rate, so far as the insect viruses are concerned, the electron 
microscope has been able to reveal most species which have been diligently 
sought In keeping with this bebef, m the present paper the wnter is assigning 
new names only to those species which hav e at least been demonstrated with the 
electron microscope In order to preserve contmuity, however, it is suggested 
that at least for the tune bemg all those species of insect viruses which have 
been previously recogmzed as such by Holmes in Sergey’s Manual 0 / Ddemtm 
live Bacleriolagy be accepted and retamed even though some of them may not as 
yet have been seen with the electron microscope or demonstrated by a deter- 
mination of their physical properties 

Another disciplme the wnter would like to suggest concerns the description 
of the vanous species In the sixth edition of Sergey’s Manual, properties (e g , 
thermal inactivation) are listed for certam of the polyhedral viruses (genus 
Borreltna) which are based on studies made of polyhedral suspensions and not 
on the virus itself Since sigmficant amounts of virus are contamed withm the 
polyhedral body and protected by it, a determination of the thermal and other 
survival properties, for example, of such protected virus would not represent a 
true picture so far as the virus itself is concerned It is therefore suggested th^ 
henceforth proper care be taken m citmg the properties of the virua concOTcd 
to differentiate between free virus and virus incorporated within the polyhe^ 
or other mclusion body The same applies to those viruses of the genus Bergmta 
which are surrounded by a protemaceous envelope which undoubtedly exerts n 


protective mfluence / j w n 

Although aware of the faults inherent m usmg the hosts as criteria for 
tiating species of viruses and m construotmg keys to species, the wnter 
mzes the difficulty m usmg any other entenon, especially ^ ^ 

circumstances, and for this reason has provisionally adopted 
by Holmes (1948) For the sake of uniformity, m presenting 
fication we shall follow the generally accepted form ue^ by Sergey’s ^ 
wherever this form is appbcable to our subject In so domg, 
not acknowledgmg the necessity of including such mattere as 
m the descnptions, this information is bemg mcorporated prim y 
convemence of the reader 
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Order VIRALES Hreed, 'Murri\ , uid Ilitclions 
(I Hict , 47, 1014, 121) 

Sulxirdcr Zoophaglneae Holmes 
(Bcrj,c\ 's M imi il, Cth cd , lOlS, 1225) 

I ^ iruscs ciusmg inject dicciscs eh inctcrirod h\ the presence of pohhedril inclusions 
in the infected cells of the host The inclusions (cich of which com uns numerous \irus 
pirticlcs) origin itc in the nuclei of the host cells The size and sh ipe of the inclusions 
nnj 1 ir\ w ithiii cert iiii limits, hut iisunlh lhc\ ire rel iti\ eh uniform in these respects 
and in c ich cisc a more or less t\picil form ordininh prcdominites 

Genus I Borrellna Piillot 

II ^ iruscs c uising insect disc ises charictenzcd h\ the jiresence of refringent pohmorphic 
inclusions of \cr\ irregul ir shijic iiul size in the infected cells of the host The inclu- 
sions originate in the c^to|)llsm of the host cell 

Genus II Palllotella Steinh lus 

III \ iruscs c lusiiig insect disc ises ch ir ictenzed i)\ the presence in 1 irge numbers, of \er^ 
small but microscopicalh discernible gnnular inclusions in the infected cells of the 
host The inclusions arc p irticulari\ \ isililc in the c\ topi ism of tlie ceils, but m some 
cases at least ilso occur in the nuclei [In ill inst inccs so far known, the size of the in- 
clusions IS loss til in I 0 micron in their longest diameter ) In all known cases, a single 
anrus particle is locited within each granule 

Genus III Bergoldia Steinhaus 

r\ 't iruses causing insect diseases in which no aisible pathologicil inclusion bod\ of am 
kind IS produced 

Genus R Morator Holmes 

Genus I Borrellna Paillot 
(Compt Rend \cad bci , Pins, 182, 1926, 1S2) 

Viruses causing insect diseases characterized hi the presence of pohhedral inclusions in 
the infected cells of the host The inclusions (each of which contains numerous \irus parti- 
cles) onginate in the nuclei of the host cells The size and shape of the inclusions mat tart 
wathm certain limits, but usuallt thet are relatitelj uniform in these respects and in each 
case a more-or-less tt pical form ordmarilt predominates 
The tjpe species is Borrcltna bombi/cis Paillot 

Ket to the species of genus Borrellna' 

I Attacking the silkworm, Bombtjx mori (Linn ) 

1 Borrcltna bombycts Paillot 

II Attacking the larva of the nun moth, Lymanlrta monacha Linn 

2 Borrcltna efficicns Holmes 

III Attacking the larta of the gtpst moth, Porlhelrta dtspar (Linn ) 

3 Borrcltna reprimcns Holmes 

’ Since this paper was written, Harnette B Wasser and the waiter haae isolated the 
viruses causing pohhedrosis of the forest tent caterpillar, Malacosoma disstna Hbn , of 
the western tent caterpillar, Malacosoma phwiale (Djar), and of the beet armirvorm, 
^phygma exigua (Hbn ) As determined from electron micrographs the size of the 1/ 
dissiria poUhedron a\ernges about 1 8 microns, while that of the ^^rus particle is approvi- 
matelj 40 bj 315 nullmucrons The polj hedron from M plin tale a^ erages about 1 6 microns 
in size, while the nrus particle measures approximateh 40 b\ 350 millimicrons In the case 
of L extgua the poK hedron has an approximate size range of 1 0 to 1 5 microns in diameter, 
and the nrus particle is about 40 b^ 270 millimicrons in size Recenth , G H Bergold 
(Forest Insect Imest Bi-monthh Prog Rept , 1£H9, 5, No 3, p 2) reported the isohtion 
of a pohhedrosis nrus from the spruce budworm, Chortsloncura fumiferana (Clem ) The 
aier-ige dimensions of the nrus particles arc 2S millimicrons in width and 260 milhnucrons 
in length 
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IV Attacking the cstcrn j cllon striped armj^ronn, Prodema praefica Grote 

4 Borreltna olelhna n sp 

\ Attacking the alfalfa caterpillar, Coltas phtlodice curyiheme Bdvl 

5 Borreltna campeoles n^p 

VI Attacking the California oakworm, Phrygamdm caltformca Pack 

0 Borreltna pcremplor n sp 

Borreltna bombycls Paillot 
(Compt Rend Acad Sci , Paris, 182, 1926, 182) 

The follow mg organisms and supposed organisms have been designated bj their authors 
ns the C.IUSO of silkworm jaundice Micrococcus bombycia (lidchamp) Cohn, Beitr z Biol d 
Pnanzcii, 1, 1872, 105 Microspondium polyedncum Bolle, Atti e Mem dell’I R Soc Agr 
Gonna, 33, 1891, 193 Micrococcus lardarius KmBai]atsohik,M6m Soc Zool de France, 9, 
1890, 513 Chlaiiiydozoon homhycta von Prowazek, Arch f Protistenk , 10, 1907, 363 ciyt 
Inlloplnsma polyedncum (Bolle) Prcll, 1918, (see Verb III Intemat Entomol Eongr 
Znrich, 2, 1920, 162 ) 

The 1 irus (Fig 1) Rods, approximately^ 40 by 288 millimicrons, fairly uniform in size, 
occurring singh , in bundles of 2 and sometimes 4 units each Comprise 3-5 per cent of poly 
licdron weight Axial ratio 7^, sedimentation constant s o 1871 , diffusion constant Dio 0215 
X 10'’, frictional ratio f/fo 1 61 Particle weight (from s o — Dio) 916 X 10* (from length 
and diameter) 290 X 10* Filterable through Borkefeld V and M, Chnmberland Li, D, In 
fillers Chemical constituency nucicoprotem (desoxyribonucleic acid tyTie), relatively high 
jiliosiiliorus content Inactivated (in polyhedral suspensions) by boiling for 10 minutes 
CO C for 30 minutes, alcohol and ether, strong acids and strong alkalies, 1 per cent dodecyl 
sulfate, 30 per cent urea, 30 per cent guanidine, antiformin formalm In polyhedral suspen 
sions, resists action of weak acids and weak alkalies, dry mg, and is suspendible m water 
(MID = 1 0 X 10"" g/liost animal ) 

T/ic Inclusion (Fig 2) Poly hedron with 5 to 8 faces, usually 0 hexagonal rhomhododo 
calicdm, rather sharp, angular eorners Size ranges from 0 5 to 15 microns (average 3 to 6 
microns) in diameter, usually fairly regular in size Refractile cry-stallike, dense toward 
center, sometimes appears to have lay ors ns though formed by accretion, may crack on pres 
sure Not optically active Heavier than water Stains rather poorly wnth ordinary aniline 
dyes, bettor when mordants are used Has somewhat of a limiting “membrane ” Soluble in 
w oak alkalies (c g ,0 OOOM Na COj, 0 08 per cent KOH or NaOH, optimum solubility at pH 


PLATE I 

h Icctron micrographs of Borreltna bombycis Paiiiot, the cause of jaundice in the alk 
worm, Bombyx mon (Linn ) Top view shows individual virus particles, and bundles 
of tw o particles each , low er view (negative print) show s individual particles The virus 
particles and bundles have been freed from the poly hedrn by dissolution of the a ter 
in dilute sodium carbonate Approximate magnification, top new 27,500 X, oircr 
view 21,000 X , 

Polyhedra characteristic of silkworm jaundice as seen wnth an ordinary ig m 
scope Magnification approximately 1,000 X ^ . . 

Electron micrograph of Borreltna efficiens Holmes, the cause of a polyhe ^ 

krankheil) of the nun moth caterpillar, Lymaniria monacha (Linn ) un 
dominate Magnification approximately 16,800 X r , ho mm moth 

Preparation showing the polyhedra charactenstio of the pohhedrosis o 

caterpillar Magnification approxnmntely 460 X hoHmsis t“wilt 

Electron micrograph of Borreltna rcprimcns Holmes, the cause of a p y 
disease”) of the gypsy moth caterpillar Porlhclna dtspar (Lm ) 

o, >h. BP., n.0H ...crp,".. 

tion approximately 1,000 X 
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10 8 to 11 0) and in ^ oak acids (optimum solubilitj at pH 1 0 to 0 6) Insoluble m hot or cold 
1 ater, “ cohol, chloroform, ether, or xjlol Chemical constituenc} nucleoprotem When 
aiMolvca in ISn,COj, the principal component has a molecular weight of about 378,000 and 
a diameter of about 10 millimicrons (sedimentation constant sio 12 85) , the molecular weight 
of the split components is about 60,600 (sedimentation constant »,» 3 16) Lower phosphorus 
content than virus Contains no fat as indicated bj its failure to stain mth Sudan IH and 
osinic acid Ammo acid content consists of follou ing percentages , histidine 2 5, arginine 5 6, 
hsine 100, tjrosino 9 0, phenylalanine 67, tryptophan 3 3, cystine 052, methionine 3 3 ’ 
and alanine 4 4 Small amounts of iron (0 6 per cent) are also detectable The polyhedron 
protects virus activity from heat at 60 C for 30 minutes, sunlight irradiation 2 to 10 hours, 
putrefaction 22 months, 0 to 4 C in insect blood 1 year, storage in 1 per cent NaCl and 
gly cerol in 1 per cent toluol, or in 1 per cent repharol at 40 C for 22 months, dry ing in high 
vacuum (10-^ mm Hg) for 6 hours, dry mg in air at room temperature for months, and 15 
minute treatments u ith the follow ing acetone, ether, 2 S to 30 per cent formsldehj de, 5 per 
cent phenol, 5 per cent mercuric chloride, 70 per cent alcohol, and a 1 1 solution of 98 per 
cent alcohol and 1 1000 mercuric chloride Virus activity completely inactivated when 
boiled in water for 10 minutes, or when treated for 16 minutes w ith trichloracetic acid 
ffosi The silkworm, Bombyi mart (Linn ) (Lepidoptera, Bombycidae) 

Disease Caused Silkworm jaundice (Synonyms grassene, giallume, Gelbsuehl) Simp 
toms Infected larvae may exhibit loss of appetite and show general inactivity although 
frequently those sy mptoms are absent until late m the disease The insect’s body assumes a 
distended, swollen or fatlike appearance Just before death the integument becomes opaque 
and assumes a slimy , y ellow color The larva is very flaccid because of the dismtegration of 
internal tissues The caterpillar is difficult to move without breaking the integument and 
liberating the liquefied contents Incubation period 6 to 8 days Polybedra form in thenu 
clei of infected colls of by podermis, fat bodyq tracheal matrix, and probably other tissues 
but not in the cells of the gut epithelium 

Pcrlincni Lileralurc Bcrgold, Biol Zent , 63, 1943, 1-66, 21eit f Naturforsch , 2b, 1947, 
122-143, Zeit f Naturforsch , 3b, 1948, 25-26 Desnuelle, ct of , Vnn Inst Pasteur, 69, 1913, 
75-80,248-250,71,1945,284-272 Glaser and Chap-nan, Biol Bull , 30, 1916, 367-391 Glaser 
and Ijicaillade, Am J Hy g , 20, 1934, 464— 164 Glaser and Stanley , J Exp Med, 77, 1943, 
461-466 Paillot, Traitd des maladies du ver i soie, Doin, Pans, 1930, 137-184 Paillot and 
Gratia, Arch f Gesell Virusforsch , 1 , 1939, 1020-1929 Steinhaus, Principles of Insect 
Pathology , McGraw Hill, 1949, 425-449 

Borrellna efflclens’ Holmes 
(Bcrgey ’s Manual, 0th ed , 1948, 1226) 

The following organisms and supposed organisms have at one time been designated by 
their authors ns the cause of the polyhedrosis (WtpfeU-eanKheit) concerned Bacillus B 
Hofmann, Die SchlnfTsucht der Nonne, P Weber, Frankfurt, 1891, 31 pp Bacl'rinm mona 
chaev Tubeuf, Forstl Natunyiss Z , 1 , 1892, 41 Bacillus monachae Eckstein, Z Forst u 
Jagdwesen, 26, 1894 , 6 Crystalloplasma monachac Prell, Verb III Internal Entomo 
Kongr , ZQricli, 1926, 152 By some authors CMamydozoon proioazelt Wolff, Mitt ^is 
Wilh Inst Lnndw Bromberg, 3, 1910, 69 (named as causing poly hedrosis in larvae of Bupa 
lus pintarivs Linn ) 

The Vitus (Fig 3) Rods, somewhat larger than Borrefino 5om6j/cis Paillot, occurring 

bundles of 2 units each Probably has the general physical and chemical properties simi ar 

to those of Borrehna bombycis Paillot o 

The Inclusion (Fig 4) Polyhedron more or less triangular to tetrahedra ^ 

avoiages about 2 6 microns in diameter Remaining characterisUM protects 

scribed for polybedra associated with Borrehna ^ihycis Paillot The poly hed roiu^ls 

• As tlic result of an obyious tyjiograplucnl error, this specific 
at the point where it is described Elsewhere m the same publication it is spcB 
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licnsioii'; n t nil \ iru'' irtnitv for it I( i^-t Idos \ mis u itli'-t iiul'^ ptilrtf ictioti 

//(It/ 1 ir\ 1 of IIk* nun liiotli I vwniitnit viouncltn (I inn i (I tpidopton I \ ni inti iidie) 
//ittdtt Cau'nil 11 > jifi II mill III it (''\ noin Ills II ijifi Ism hi nun niotli uilt nun moth poll 
licdro'-is) 'Miiiptoiiis Infctlt'd I in le '-lioii lo«s of ippclilt hot nit iiii flic id ind il dis- 
turbed short I\ licfori or iftrrdi ilh th( lirokcii iiitcpiinitnt Iihi i ncs t' > liu'd disintetrit 
iiip iiittrii il tissues rout iiiiini’ I ^r^;e niiniliers of poll hi di i Hr Ion di in^ i he 1 n i e tend to 
iiiipritc to the tops of trees (11 t/ifi hi ^ Ineuli it ion period from H to 1 5 d o s 

Pirliiiciit I thralurc Horpold, lliol /eiil ,63,1*111 l-s’i /'it I \ iturtor'i h 3b 1 Us 
25-20 lleidenreich \reh f CIisiH \ iriisforseli 1 , Ihlil isj Komirck ui 1 Bn md' ' / 
Vnj^eii ] ntoiiiol , 10 , l'>21, *>‘t-I(i2 1\ ihl Cent Cics loistu 35 IdO), lt)4-li2 212-213 36 
1*110 377-307, 37, 1*111 217-2G'>, 38, 1*112, 35‘)-37S 

Borrellna reprimens Holiin s 
(Berpci ’s M iiiu il, Ctli cd , I'Ms 1220 

Vt one time G1 isor iiid Ch ipni in ('^cieiite, 36, 1012, 21*1 beln 1 th it the poll ne li osis 
of the pi psi moth ii is rinsed In i smdl pimtiiig niicrococtU' uhith thei niiutd Gi/ru 
coccus flucciihfcx \ leir liter (I I con l^iitoniol , 6, 1*113 Oi'*' hei reilized tl it this 
bacterium ii is onli i second in ini idor mid th it the true c lUsi ot tlie ilise ise iva- a Oltei 
able 1 irus 

The 1 iric! (1 ip 5) Hods, ipproiim itcli -11 bi 300 niillimicions occurring in Inmdies 
liaiing an nengc size of 100 In -115 millimicroiis Vt certain points along e.ieh ol tin lod 
shaped pirticles m iking up i bundle cm sometimes be seen smill nodes directli opposite 
each other iiheii tiio or more ii irticlcs ire still h mging together Sediment ition const iiit 
« o2500 to 4000 (dei)oiidiiig on number of iirus pirticles idhering together) , diffusion con- 
stant D-oO 175 X 10-', frictional ritio f/fo 1 42, a\ial ratio 6 b V pirticle weight ot IjOO X 
ICr Mhen calcuhtcd from the length and diameter of the Mrus pirticle as seen eledion 
niicrognphs riltenblc through Bcrkefeld X but aiiparmth not through C ini eram 
filters ciiemic il constitueiici nuclcoprotein of the desow ribonucleic icidttpe ( 


= 1 0 X lO'*” g/host animal ) 

The Iticluswii (Fig 0) Pohhedron with 5 to S faces, cnstalhne m ippearance, corners 
not regulirh as sharp or is angular is in cise of those associated with Borre i/i<7 omyct 

Paillot emge size 3 5 microns, nithougli \ariations of from 0 5 to 15 0 microns \e 

reported Thej are nuclcoprotein in nature The principal component has a se imen a 
constant of s-o 12 57 and a molecular weight of 276,000 The split components ha^ e a sedi 
mentation constant of 3 12 and a molecular weight of 47,250 In general proper les, ® 
hedra associated w itli Borrehna reprimens Holmes are a er\ similar to t ose o e po j 

associated w ith Borrc/ina ftombycis Paillot (which see) _ 

Host Lar\a of the gtps\ moth, Porthclria dispar (Linn ) (Lepi optern, anm 
Disease Caused Polj hedrosis of g\ ps\ -moth caterpillar (S\ non} ms wn ise , 
moth wilt ) S\mptoms Infected caterpillars lose their appetite, ecome ® , death 

ment Diseased insects usual!} seek an elevated place on their ost p an , 
the} become soft, the internal tissues disintegrate and liquef} , an upon rup 
tegument a brownish liquid IS liberated , 9 h icia7 

Pertinent Literature Bergold, Biol Zent , 63 , 1943, l-oo, Zeit En'tom'ol s' 

122-143, Zeit f Xaturforsc^ 3b. 1948, 2^26 Chapman and Glasem J Econ ^”^^^^ 
1916,149-107 Glaser, J Agr Research, 4 . 1915, 101-128, Science =501-30 

and Chapman, J Ec^n Entomol , 6, 1913, 479-488 Ste.nhaus, Principles of Insect Pithol 

McGraw-Hill, 1949, 454r-464 

Borrellna olethrla n^p 

(From Greek o/e//irios,destructi}e) Anoroximate 

The Virus (Fig 7) Rods, occurring in bundles of sexeral members each A.pp 
size 50 b} 290 millimicrons . , ^ „„„„ outline 

The Inclusion (Fig 8) P'jE ^edron, appears to liax e 4 or o si ^ Genenl 

Size ranges from 2 0 to 5 0 microns w ith an ax erage diameter of abou 
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Disease Caused Pohhodrosis S3mptoms Infected larvae lose their appetites, become 
sluggish in movement Thei maj turn reddish broun before death, after nhich the bodi 
contents disintegrate into a dark noterj mass nithm the integument 

Pcrltncni Literature Blanchard and Conger, 3 Econ Entomol , 26, 1032, 10o9-I070 
Stemlnius, Principles of Insect Patholog}, McGran Hill, 1040, 46~-46S 


BorreUna campeoles n sp 

(From Greek kampe, caterpillar + olesai to destroy } 

The Finis (Fig 0) Rods, approximatelj 40 bj 300 millimicrons, occurring in bundles of 
SCI oral members each Filterable through bacteriological filters of coarse to medium poros 
lit Most of the ph3sical and chemical agents nhichdestroj bacteria also destroy the virus 
incorponted u ithm the P0I3 hedron the virus is ver3 resistant to dr3 mg and can retain its 
mfcctuit3 for at least a 3 ear 

The Inclusion (Fig 10) P0I3 hedron, appears to have from 3 to 6 sides ivhen seen in out 
line, tnries considerably in shape Comers are angular but someirhat rounded Size imnes 
from 1 0 to 3 0 microns in diameter, luth an average vidth of about 1 6 microns Evception 
till} large pol} hedra (4 0 to almost 5 0 microns) are seen occasionalh Most of the general 
properties of the po]3 hedra are essentinllj the same as those described under Bomhna 
botuhycts Paillot 

Host The alfalfa caterpillar, Colzas philodiee curythemc Bdvl (Lepidoptera, Piendae) 
Disease Caused P0I3 hedrosis of the alfalfa caterpillar (830003 ms 'Wfit disease, uilt ) 
S3mptoms Infected larvae shou loss of appetite, and decreased activit3 The nornmll} 
green color of the larva changes to a pale, 3enou ish, or gra3 ish green, sometimes gi\mg the 
insect a mottled appearance Bod3 becomes ver3 flaccid and somen hat darkened and usunll} 
dies about 7 dais after infection The internal tissues become liquefied and the caterpillar 
breaks doun into a disintegrating mass Pupa niaj also shou sjTiiptoms of disease 

Pertinent Literature Micbelbacber and Smith, Hilgardia, 16, 1948, 369-397 Stcinhaus, 
J Econ Entomol , 41, 1948, 859-805, Principles of Insect Pathology, McGrau Hill, 1949, 
477-484 Wildermuth,U S Dept Agr.Circ 133, 1911, 1-14, Bull 124,1914,1-40 


PLATE II 

7 Flcctron micrographs of BorreUna olelhria n sp , the cause of a pob hedrosis of the 

vostern 3elIo\v striped arm^\^orm, Prodenta praefica Grotc Top vien shows virus 
bundles (dark bodies are salt cr3stala), loner wen shons individual virus particles 
as seen in a gold shadon ed preparation Magnification approvimntcb 12 590 X 

8 P0I3 hedra cliaractensfic of the pob hedrosis of the western 3ellow striped armiiiorm 

Afagnification approximateb 1,000 X . 

9 Electron micrograph (gold shadowed preparation) of BorreUna campeoles asp >e 

cause of a poly hedrosis of the alfalfa caterpillar, Coltas philodxce eurylheme mu 
Virus bundles as n ell as individual virus particles ma} be seen Magnification approvi 

10 Fob hedra characteristic of the pob hedrosis of the alfalfa caterpillar Magnificatio 

approximateb 1,000 X , r 1 of the 

11 Electron micrograph of BorreUna peremptor n sp , the cause of » P°1 j, 

California oakworm, Phryganidia califormca Pack , shovnng indmdu P 

cles Magmfication approximateb 12,500 X „in-nrm Magnification 

12 Pob hedra characteristic of the pob hedrosis of the Califorma oakworm gn 

approximateij IflOO X 
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Borrellna per&mptor n sp 
(From Latin peremptor, a destroj er) 

7/ic 1 ir»s (Fig 11) nods, approximatelj 30 bj 270 miUim, crons, occurring in bundles 
of several members each (in electron microscope preparations so far examined, the bundle 
formation has been seen onij rarelj) Most phjsical and chemical agents which destroj 
Mctena also destro) the virus Within the po^hedron the virus is protected from these 
agencies to a considerable degree 

The Incliiaion (Fig 12) Polj hedron, appears to have from 3 to 6 sides when seen in out 
line, \ arms considcrablj in shape and maj be verj irregular, corners rounded Size ranges 
from 1 0 to 3 5 microns in diameter, averages about 2 0 microns 

Host The California oaknorm, Phrygantdia cahfornica Pack (Lepidoptera, Dioptidae) 
Disease Caused Polj hedrosis of the California oakworm Sjmiptoms Infected larvae be 
come sluggish in movement and lose their appetites Natural coloration becomes less m 
tense, rccenth dead larvae maj assume a pink or faint reddish color Internal tissues 
liqucfj , the darkened dead larvae lose their normal form and hang limp from host plant 
Pertinent Literature Chapman and Glaser, J Econ Entomol , 8, 1915, 140-160 Stem 
baus. Principles of Insect Patliologj , McGraw Hill, 1940, 472 

Genus II PaUlotella Steinhaus 
(Principles of Insect Pathologj , McGraii Hill, 1949, 422) 

Viruses causing insect diseases characterized bj the presence of refrmgent, poljTnorphic 
inclusions of verj irregular shape and sue in the infected cells of the host The inclusions 
originate in the cj toplnsm of tlie host cell 

The tjpo, and onlj , species is Paillotella puns (Paillot) Steinhaus 
Kej to species of genus Paillotella 

I Attacking the larva of the cabbage butterflj of Europe, Puns hrassicae (Linn ) 

I Paillotella puns (Paillot) Steinhaus 

Paillotella plerls (Paillot) Steinhaus 

(Compt Rond Acad Sci , Paris, 182, 1926, 182, Principles of Insect Pathologj , 1949, 422 

and 498 ) 

The Virus Not jet demonstrated with ceitamtj Paillot has described certam small 
granules less than 0 1 micron in diameter which appear to be associated with infectiousness 
Electron microscope observations not jet made Granules retained by Chamberland filter 
of fine porosity and the infecti vity of the blood is thus destroj ed Infectivity also destroj ed 
bj heating at 75 C for one half hour 

The Inelusion (Fig 22) Poljmorphic Refrmgent Of irregular size and shape annular, 
spherical, globoid, and elongated structures Form in cjtoplasm of infected cell Believed 
to arise from the mitochondria of the cell Occur in fat and blood cells 

Host The larva of the cabbage butterflj of Europe, Piens brassicac (Linn ) (Lepidop 
tera, Pieridae) 

Disease Caused Polymorphic inclusion disease Symptoms Verj few outward signs Inc 
blood of diseased larvae is viscous and milkj m appearance Mortalitj varies, maj be low 
to fairlj high Pupae also susceptible Expenmentallj , virus difficult to establish m msecls 
n hen given per os Direct inoculation succeeds Virus also transmitted from one generation 
to the nevt in association with the egg ,oo 

Pertinent Literature Paillot, Compt Rend Acad Sei . Paris, 182, 1926, , 

Inst Pasteur, 40, 1926, 314-352 Steinhaus, Principles of Insect Pathologj , McGraw i 
1949, 497-500 

Genus III Bergoldia Steinhaus 
(Principles of Insect Pathologj , McGraw Hill, 1949, 422 ) 

Viruses causing insect diseases characterized by the presence, m large num ere, o 
small but microseop.callj discernible granular mcto.ons in the infected 
The inclusions arc particularly visible in the cj toptem of he b ,„,,„s,ons is less 
least also occur m the nuclei [In all instances so far known, the size o 
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thin 1 0 micron 111 tliLir litiikf"-! ili mn t( r 1 In ill know n c i*-! '• a ‘•im.h \ mis p irin h is h. 
citcil within c ich t'rinuh 

The t\i>c SIK.C 1 CS is lirrO'ihhii mhipUi ''tiinhiiis 

K( V to till 1^1 nils BcrRoldla 

I \tt ickiiij, the fir “ihoot rolkr ( nrinna niiniKinn tlllni ) 

1 lit njahtid cnhipUi llih ills 

II Vttackiiit: the \ irii^ited ciitworiii 1‘irvlriimit tiiitmnnlo n (II iw ) 

2 /If raiiWni itidsmi li sp 

III Vtt ickiiii, the Inickeic c iteriiill ir hnumtit an tiui Him 


1 lit niiilitni lothi tim n sp 

I\ Mt icknm the s lit in irsh c it( rpill ir I '^tini’u ti< nmim (Driiri ) 

•1 lirrt/oli/iit Ihiiiiip'iitiui n sp 

^ Attacking the lir\a of the cilihig* hullirlK of I nroix I'nri^ hniy^iair (I inn I 
a licrntihliit /inic'ir/ir (P illlot ) ''Ii llih ills 
Bergoldla caljpta ^ti iiih iii- 

(Principles of Insect Pithologv Mctmiw Hill I'U'I 122 iinl >12 i 
The 1 iri/s tPig 11) Rods, aO li\ 202 inilliniicroiis oiciirring smgh nid rnclo‘-(d in i 
proteinaceous eiuelojie or ‘ ciiisule ” ^iidlurg sedinii nl itioii const ml ' s 1121, dtfriision 
const int D 0 0 27S X 10 i fnetton il r-itio f/fp 1 I'l, i\i il ritio "> 2 P irticle weight IfiO X 
10® when calculitod from «c<lmictit ition nid <li(Tiision const nits md 111 X 10^ when cil 
cuHted from the length md di iinettr of the p irticle is sot n on < h ctnm niicrogriphs 

The Incluswii tFig 14) Proleinuceous eiuelojie or c ijistile” which surrounds the Mriis 
particle Approximate size 0 21 In 0 10 micron DissoK t s m w i ik ilk ili gn iiig i ni iiti com 
ponent with a sediment it ion const mt of s«(, 11 s, md i molectihir wt ight of nhoiit 101,01J 
The split coniponeiits luxe i sediment ition const mt s u 3 4a, md i molecul ir weight of 
about 00 000 

Host The fir shoot roller, Cncoccio tnurtnntm (Him i (Ixipidoiiter'i Tortricidie) 

Disease Caused Gniiulosis (Sxnoinm haii<<clnnis kraid hi it ) Semptonis lew c\ 
ternal sxmptoms until shorlh before deitli it which tin e the normal \ollowish green in 
sects become thickh swollen md ire colored i pile greenish hue I poii iiuncturing the 
integument of a diseased larva a milkv white fluid oozes out This fluid emit mis ihesnull 
granules which harbor the virus iiarticles 

Perlincnt Lileralurc Bergold, Zeit f \ iturforsch , 3b, 194S, 13S-142 Stcinli lus, Prin 
ciples of Insect Pathologv , McGriw-Hill, 1049, 510-514 

Bergoldla daboia n sp 
(From Hindu daboya, that lies hidden) 

The Virus (Fig 15) Rods, approximatch 40 b\ 340 millimicrons, occurring singlv and 
enclosed within ovoid envelope, occasionallv somewhat curved Sometimes sever il rods 
arrange themselves end to end in chainlikc fashion 

The Inehtsion (Figs 16 and 21) Ovmid envelope covering virus pirticle, approximatelv 
0 25 bv 0 45 micron Occasionallv rather long coalesced forms seen Soluble in low concen 
trations of \a COi 

Hosl Variegated eutworm, Pendroma margaritosa (Haw ) (Lepidoptera, Xoctuidae) 
Disease Caused Granulosis Svmptoms Two or three davs after infection the larvae 
begin to eit less food than normallv , thev remain slightlv smaller in size than normallv 
developing insects, have a somewhat languid appearance, and usuallv die before pupating 
The larvae are flaccid but the bodv wall remains relativelv firm The fat tissue of the insect 
is especiallv affected Histopathologv of the disease under discussion is characterized bv 
the accumulation of the granular inclusions in the diseased cell , thev are particularlv v isible 
m the cvtoplasm 

Pertinent Literature Steinhaus, Science, 106, 1947, 323-324, Principles of Insect Pathol- 
ogv,McGraw Hill, 1949, 00S-5H Steinhaus, Hughes, and Wasser,J Bact ,67,1949,219-224 
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Bergoldla lathetlca n^p 

(From Greek, laOiilt/os, likely to escape notice ) 
rhe I ,n/s (Fig 17) Rods, npproMmatelj 40 bj 300 milhnncrons, occurring smgh and 
enclosed nitliin an ovoid envelope ® nuu 

The Incluston (I ig 18) Oioid envelope, covering virus particle, approximatelj 0 30 bi 

0 45 micron Soluble in low concentrations of NaiCO, 

Hosl The larva of the buckeye, Jvnonta coema HQhner (Lepidoptera, Njmphnhdac) 
Diaeasc Caused Granulosis St mptoms Similar to those caused by Bcrgoldia daboia m the 
variegated cuU orm The fat bodt of the buckete is not as prominent ns is that of the cut 
norm so that the uhite, opaque aspect of this structure is not as noticeable as m the latter 
insect Ruckete caterpillars inaj be almost moribund nithout showing much external evi 
dciicc of disease, except a general lack of activitj and loss of appetite Usuallj , howex er, 
the diseased larvae apirear brovinish in color and lose most of their blue metallic luster 

1 resence of the granules in the nuclei of the f it cells is more evident than in the cutnor/n 
Gniiiules ninj also be present in ci toplnsm The nuclei hx pertrophx greats before breaking 
dov 11 


Pertinent Ltlcralurc Steinhnus, Principles of Insect Pithologj McGraa Hill, 1949, 601 
Slcinhaus and Thompson, Science, 1949, 110, 278-278 

Bergoldla tbompsonla a sp 

(Named for Cl irciicc G Thompson who first observed the infection in salt marsh 
caterpillars collected m the field ) 

The I'lri/s (Fig 10) Rods, approxi nateh 40 b\ 270 millimicrons, occurring smglj and 
enclosed within an ovoid envelope 

The Inclmton (Fig 20) Ovoid envelope covering virus particle, opproximatel; 02o bj 

0 40 micron Soluble iii low concentrations of NajCOj 

ffost The salt nini'sh caterpillar, Esttgmene acmea (Drurj) (Lepidoptera, Arctiidae) 
Disease Caused Gianulosis S\ mptoms Loss of appetite and lessened general activita 
The hnirj covering of tlio larvae obscures anj other external s\ mptoms Upon death the 

1 irvac are flaccid and soft 

Pertinent Literature Stcinlinus Principles of Insect Pnthologj , MoGran Hill, 1949 , 601 
Steinhaus and Thompson, Science, 1949, 110, 276-278 

Bergoldla brasslcae (Paillot) Steinhaus 

(Paillot, Coinpt Rond Acad Sci , Pans, 182, 1926, 182 Steinhaus, Principles of Insect 
Pathoiogj, McGraw Hill, 1949, 602 ) 

The 1 irus Not jet demonstrated with the electron microscope Prooabh similar to tac 
othei viruses of this genus 


PLATE HI 

13 Electron micrographs (negative print) of Bergoldla calypla Steinhaus, the cause of a 

granulosis of the fir shoot roller, Caeoecia tniinnana (Hbn ) Each of the varus parti 
eles bos been freed from a granular inclusion bodj (as shown in fig 14) bj dissolution 
of the latter bj dilute sodium carbonate Magnification approximately 27,000 X 

14 Electron micrograph (negative print) of the granular inclusions characteristic o e 

granulosis of the fir shoot roller The large form probnblj represents a com me 
grouping of granules Magnification approximatelj 27,000 X 

16 Electron micrograph of Bergoldia daboia asp , the cause of a granulosis of t evariega 
cutworm, Peridroma iimrpantosa (Haw ) Magnification approximatelj , , 

16 Electron micrograph of the granular inclusions chnractenstic of t le granu osis 

variegated cutworm Magnification approximatelj 12,500 X r ,i,„ m e 

17 Electron micrograph of Bergoldia lathetica n sp , the cause of a 

caterpillar, Junonta coenta Hbn Magnification approximatelj X 

18 Electron micrograph (gold shadowed preparation) of ?J^”^““approMmalcl\ 

istic of the granulosis of the buckeje caterpillar Magnification appro 

12,600 X 
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» Similar to that of other granuloses Sue averages about 0 2 to 0 3 micron 

thc^rrta'nulost '‘f 

‘^““erfli of Europe, Pterts brass, cac (L.nn ) (Lop.doptera, 


JJiscasc Causal Granulosis Simptoms Infected insects exhibit a whitish jellon color 

oil then ventral surface, lose their appetite and are less active Upon death the bodj is soft 

and daccid 


Pcrttncnl LUcraUirc Paillot, Compt Rend Acad Sci , Pans, 182, 1926, 180-182, 1611; , 
198, 1931, 201-205 feteinlmus. Principles of Insect Pnthologj , McGravv Hill, 1919, 592 


Genus IF Morator Holmes 
(Bergev ’s Manual, 6th ed , 191S, 1227 ) 

Viiuses causing insect diseases in which no visible pathological inclusion bodj of an} 
hind IS pioducod 

The tv pc, and onlv reported species is Momlor aeioinlas Holmes 
Kev to species of genus Morator 
I Attacking (he honovliec, Apis mcllifera Linn 

1 Morator aelatulae Holmes 


Morator actatulae Holmes 
(Bergej 's Manual, 6th ed , 1918, 1227 ) 

The I irus Not j etdemonstrnted « ith the electron microscope * Passes Pasteur Chamber 
land and Borkefcld filters Virus is rendered inactixe vihen heated in water at 59 C for 10 
mimilcs, and in honci at approximately 70 C for 10 minutes It withstands drying at room 
tcnipcraluro for appioximateJy three weeks Dried virus exposed to the direct rays of the 
sun IS dost roved 111 fiom 1 to 6 hours, when it is suspended in honei it is destroved in from 
5 to 0 hours When suspended in honey and shielded from the direct sunlight the vnrus re 
mains virulent for slightly less than one month at room temperature dunng the summer 
In (he pi-csencc of fermentative processes taking place in a lOpei cent cane sugar solution 
at loom temperature, the virus is destroyed in about 5 days— the same period of survival 
as in a 20 pei cent honey solution at outdoor temperatures In the presence of putrefactive 
jiroccsses the vii us remains virulent for approximately 10 dax s The virus vnll resist 0 5, 
1 0, and 2 0 jior cent phenol foi more than 3 weeks Dead larvae vv hich have remained in the 
brood comb more than one month are usually noninfectious A single, freshly dead larxa, 
contains enough infectious material to kill at least 3,000 healthy^ larvae in one week Trans 


V Working with certain purified materials from honeybee larvae dynng of saebrood 
Harnette B Wasser and the w riter have obtained electron micrographs of small particulate 
bodies which may possibly represent the virus of saebrood although their identity has by 
no means been proved Similar bodies have not os yet been found in matenal from healthy 
larvae On the other hand, the infectivity of the minute particles remains to be 
stratod The particles are spherical to slightly oval in shape and are approxomately 
millimicrons in diameter 


19 


20 
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PLATE IV 

Electron micrograph of Bergoldia thompsonta asp , the cause of a granulosis of the salt 
mnrsU caterpillnr, Estigmenc acraca (Drun) 'Two “granules maj a so e seen 
Magnification approximately 12,500 X ^ ^ 

Electron micrograph (gold-shadowed preparation) of the granular ^ , I 

istic of the granulosis of the saltmarsh caterpillar Magnification approximate y 

Wot’munt preparation (as seen with an ordinary light microscope) of the granular 
{Continued on opposite page) 
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PLATE IV 

inclusions from the fat tissue of a ^anegated cutiiorm, Pcridroma margariiosa (Haw ), 
infected mth Bcrgoldxa daboia n sp Magnification approximateh 650 X 
22 Drawing of the refnngent poUinorphic inclusion bodies which characterize the disease 
of the Ian a of the cabbage butterfli of Europe, Pieris brassicae (Linn ), caused bi 
PaiUotella picris (Paillot) (Redrawn from Paillot, 1926 ) 

(Photogriphs 1 3, 5, 13, and 14 arc from publications bi Dr G H Bergold and were 
obtained through the court csi of Dr Bergold Photographs 2, 4, and 6 were obtained 
through the courtesi of the late Dr R W Glaser Photogriphs 7, S, 9, 10, 12, 15, 16, 18, 20, 
and 21 were made for the author bj Mr K M Hughes, and photographs 11, 17, and 19 were 
prepared bj ^Irs H B Wasser ) 
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i^^ion occurs through the ngencj of contaminated food and probably water supplj of 

Host The larva of the honeybee, Apts melhfcra Linn (Hymenoptera, Apidae) 
lacasc Caused Saebrood, S 3 mptoms In his taxonomic account, Holmes (1&48) de 
scribed the disease ns follows "In the honej bee, immature stages onlj are susceptible 
infected larvae die, usuallj after capping, some of the dead brood being uncapped bj the 
bees Occasionallj caps are punctured Affected areas of comb ore usually small and scat 
tored Each larva is extended along its cell, head turned upi\ard toward the roof A larva 
rccentlj dead appears light jellow, light gray, or light brown, soon darkenmg to broim or 
almost black Cuticle of dead larva tough, permitting extraction of the sachke mass without 
rupture, contents watery with mnnj suspended, fine broivn particles There are no char 
actcristic intracellular bodies in affected tissues Dead larvae eventually dry down to form 
scales that arc black and roughened, that separate readilj from the cell wall, and that nmj 
be lifted out intact ” 

Pcrlment Ltlcralure Bergej ’s Manual, 6th ed , 1948, 1221-1228 White, U S Dept Agr , 
Bur Entomol , Circ 169, 1913, 1-5, U S Dept Agr , Bull 431,1917,1-64 Stemhaus, Insect 
i\Iicrobiolog 3 , Comstock Publ Co , 1946, 426-430, Principles of Insect Pnthologj , McGraw 
Hill, 1949, 514-523 


nECAPITULATION 


Recent, attempts to devise a satisfactory sj^stera of classifying plant and animal 
virases have made it necessary to give further consideration to the systematic 
aspects of insect vinises if the3'^ are not to be left behind in the development of 
virus taxonomy To assist in bunging this about, the imter has followed his 
previous proposal that the knowTi insect viruses be separated provisionally into 
at least foui genenc gioups (Borrelina, PaiUolella, Bergoldia, and M orator) 
according to the type of inclusion body fomied in the tissues of the diseased 
host, and the type of disease pioduced In the present paper these groups haie 
been further delineated, descriptions of species haxm been revised, and the fol 
loiving new species named Borrehna olethna, Borrelina campeoles, Borrehna 
peremplor, Bergoldia daboia, Bergoldta lathetica, and Bergoldta fkompsonia 
Although more than a hundred different msect hosts are known to be sus 
ceptible to piobably as manji^ different viruses, it is suggested that in the future 
no name be given to a vims until the agent has been demonstrated by physical 
or visual means in such a mannei that at least its approximate size and shape 
are knowm Foi instance, all new species desenbed and named m the present 
paper have been demonstiated at least with the electron micioscope It is further 
recommended that the properties and characteristics of those insect viruses 
contained mthm inclusion bodies be determined on the basis of tests on t e ree 
nnis lather than, as in the past, on the viras protected by the inclusion 
As the techniques of viras research are refined the charactenstics an 
ties of the insect viruses ivill undoubted^ become more accurately Imown 
keys, descriptions, and groupings proposed in this paper are advanc as 
tions that may assist future innis s3'stematists m better appraising e se\ 
kinds of viruses which cause infections in insects 
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A lactic acid producing sarcinalike organism has been associated mth a type 
of spoilage in beer since the condition was first described b}' Pasteur (1876) He 
found that these organisms, m hich occur m pairs and fours and were sometimes 
associated with long rod bacteria, are the cause of the socalled “beer sickness ” 
Their relationship to the true lactic acid bactena of the genera Lactobacillus 
and Streptococcus was not realized until years later The organism in spoiled 
beer was first referred to as a sarcina by Hansen (1879) The spoilage was studied 
by Balcke (lSS4a), and in Balcke’s (18846) second paper he recognized the 
assistance of Dr Kurth m determining that the organism was not a true sarcina 
Balcke apphed the binomial Pcdiococcits cerevistae to this species In a senes of 
papers, Lindner (1887, 1888, 1889) desenbed the organisms mvolved m "beer 
sickness” more completely and proposed new specific names for tj^ies producing 
somewhat different reactions from that of the strain which he beheved was 
Pedxococcus cerevisiae 

The pediococci were not associated with other fermentations until years 
afterward, and it is doubtful whether anyone except Henneberg (1926) asso- 
ciated them with desirable fermentations such as those brought about by some 
species m the closely related genera Streptococcus and Laciobactllus In this re- 
spect they imght be compared with the genus Leuconostoc The abihty of secies 
of Leuconostoc to bung about desirable changes was not recogmzed until am 
mer (1923), Orla-Jensen (1919), and Pederson (1929, 1930) found that they 
were important m certam fermentations The pediococci may be ^ 

"''ery important m some vegetative fermentations when more is learn a on 

their true role m nature , 

The name “Sarcina” may continue to be attached to t ese organis^ 3 
brewmg technologists but they should be classified properly by bacteno o^ 


m relation to other organisms , , , 

Smee the name Pedwcoccus was first used by Balcke, this has been accepted 

and used as a genenc name m connection with other specific nam^ y ^ 
(1887, 1927, 1928), De Tom and Trevisan (1889), Reichmd (189 ), 

(1897), Claussen (1903), SoUied (1903), Henneberg (1926), Pnb^ (193 ), 
Mees (1934), and others Buchanan (1925) states “If the ^ 

ranged m tetrads are to receive genenc recogmtion, the name i 
appear to be vahd The type species is Pedwcoccus ccrewsiae Balcte 
IB the 6th edition ot B^y’s Manual (Breed e! al 1948) the 
in an appendix to the family Micrococcaceae, with the t3T)e species 

’ Jovimal Paper No 780 New York State Agncultural INpenment Station, Cornell 
Rnivereity, Geneva, New York 
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ccreoisiac Balckc Twelve other species are listed as having been descnbed In 
regard to the genus, it is stated “The following genus is recognized by workers 
m the brewing industry It includes species that present characters mtermediate 
between Mtcrococciis, Sarcina, and Streptococcus Many students prefer to regaid 
these as species of Sarctna (Mac4, 1901) ” 

Still others (Lehmann and Neumann, 1896, Migula, 1900, Hucker, 1924) have 
felt that PedtococcuB may be regarded as a synonym of Micrococcus Buchanan 
(1925) stated that if Pedtococcus does not receive genenc recogmtion it perhaps 
may become a sjmonym of Mtcrococcm 

Beijennck (1908) applied the name Lactosarctna to this genus m hne with his 
names Laciococcus and LaciohaciUua Shimwell (1947) considers that they should 
be included among the plant types of the genus Streptococcus Mees (1934) would 
include m the genus two strains descnbed as Tetracoccus by Orla-Jensen (1919) 
Macd (1901) included these under Sarcina Pnbram (1933) placed the genus m 
a new family, Pedtococcaceae and attnbuted the genenc name to Balcke, but 
gave as the type Pedwcoccus ietragenua Koch and Gaffky This as well as the 
other species named, P telrus, P flams and P gadidarum, apparently do not 
belong m the genus 

Lmdner credited Hayduck (1885) with a study of two sarcmahke organisms 
Lindner studied two types of organisms, the first a low acid producer which he 
considered to be a strain of Pedtococcus cermstae The second produced more 
acid and was thus given the name Pedtococcus acidi lactim The acid was identi 
fied as lactic acid The optimum temperature of growth was found to be 41 C 
In a second paper Lmdner (1888) descnbed another species, Pedtococcus atbus 
In this second study, reference is made to the fact that he studied the strain of 
Pedtococcus cerevtstae that von Huth had studied However, according to Mees 
(1934) von Huth studied an organism from horse urme which was beheved to be 
the source of the organism in beer There seems to have been no defimte study 
of the ongmal culture of Balcke and thus Lindner was possibly wrong in calling 
von Huth’s culture Pedtococcus cerevtstae Lmdner (1889) apphed a third name 


Pedtococcus viscosus to a slimy vanety 

De Tom and Trevisan (1889) accepted the genenc name and listed the first 
three specific names mentioned above and three others, Pedtococcus kochtt, Pedio- 
coccus maggtorae, and Pedtococcus aurantiacus However, they credited the name 
to Lmdner and hst Pedtococcus actdt-lackci first These three other species are 
different and should not be mcluded m the genus A number of other names ve 
been apphed to sarcma like organisms m beer, mcludmg Pedtococcus sarcinae 
formts by Reichard (1894), Pedtococcus damnosus and Pedtococcus perntcwsus 
by Claussen (1903), Pedtococcus ktltensis by Bettges (1906), Pedtoco^ 
meUtsmahs and Pedtococcus acidtd^aciens by Schonfeld (1904), Pedtococ^ 
Itndnen by Henneberg (1926), and Pedtococcus halophilua, 
saceus, and Pedtococcus unnae egut by Mees (1934) Many of these , 

centered around the techmque of isolatmg the orgaiM m ^ 

of course also mvolved the particular type of beer Solhed ^3 

stram from a potato mash and apphed the name Pedtococcus he t/* 
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apparcntl} was the first 137)0 isolated from a product other than beer or beer 
mash and it differed from all of the others except possibl 3 f Pcdtococcus acidt- 
Jaclici in that it had a higher optimum temperature for growth, 40 C, and was 
an actn e ambinosc fermenter It produced inactive lactic acid The pediococci 
have been studied b}' Hansen (1890), Browm and IMoms (1895), and Reichard 
and Riehl (1895) some of whom have referred to them as sarema 
The names Pcdiococcus damnosus and Pcdiococcns pcrmciosus were mcluded 
m Lehmann and Neumann (1927), but no reference was made to the names pro- 


posed b}'^ Balcke or by Lindner 

Henneberg (1926) studied cultures isolated from gram mash and potato mash 
and obsen cd them in sauerkraut, molasses, salt beans, and m pickle fermenta- 
tions In addition, he referred to the tetracocci of Orla-Jensen (1919) He mcluded 
three species, Pcdiococcus acidi-lachci of Lindner, Pcdiococcus hennebergi of 
Solhed, the wild lactic acid bactena of potato mash, and Pcdiococcus hndnen, 
a new t 3 T)e which he stated he onginall}'' confused with Lmdner s Pcdiococcus 
aadi-laciici He also discussed briefly a slime produemg variety from kraut which 
produced gas and less acid than the other t 37 )es and which he stated might e 
used as a starter for sauerkraut since it produced a good aroma He note t at 
this t 37 )e sometimes occurred in short chains It seems obvious, howexer, t a 
he had confused the pediococci with leuconostocs, a t 3 'pe whose importance m 
kraut fermentation he had not recogmzed Henneberg s separation of species is 
based upon colony and morphological differences, utihzation of different sugars, 
and the amounts of acid produced He pomted out that they aU produce mactive 


lactic acid with a trace of volatile acid rv, r 

Mees (1934) presented a histoncal review of the studies on the spo age ° ^ 

by these organisms Mees (1934) studied eight strains that e iso ^ . 

vanous methods as weU as strains of the genus Tetracoccus Orla-Jensen (19 J, 
a culture he had received from van Niel, a culture from horse urme, ^ fi^rZ+iiP 
others which eventually he decided were not of this genus e no „r,r>rp- 
cultures considered to be pediococci were all nonmotile, gram po^ 
fomung, catalase negative, sphencal bactena On aci ^ mostlv 

towaM tetmd formation was obserx^ed, but m neutral media th^ 
diplococci Complex protem degradation products were req nroduced 

With the exception of one of the tetracoccus ^ ./glucose 

inactive lactic acid, grew best at 23 to 24 C, and readily 
fructose, maltose, and galactose Lactose, sucrose, ^ ^ name Pedio- 

utfced cm, to a tamted degree, d at ad Mees ““f 

coccita, but used Pcdiococcus damiwsus Qaussen a Pcdiococcus 

cerevmae Balcke as a questionable ssmonym H vanety 

Verniciosus Claussen as a vanety of P damnosus an n^ pggjococcus lialo- 

P salicinaccus Species names, Pcdiococcus pe^saceus ^ 

Vhilus, were apphed to organisms mcluded by Orla Je^en ( from 

Still another name Pcdiococcus iirinae equi was given for the yp 


horse unne 

In a senes of papers, ShunweU and 


Kirkpatnck (1939) and Shimwell (1940, 
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1947, 1948) have reviewed the subject of beer disease organisms and conclude 
that the beer sarcma or pediococci should be accepted m the plant division of 
the genus Streptococcus because they are not regarded as true sarcmae or as 
micrococci Shimwell (1940) credits Mees with the first scientific study of the 
problem Shimwell and Kirkpatnck pomted out that the production of lactic 
acid with a s ma l l amount of volatile acid and carbon dioxide, and the production 
under certam conditions of diacetyl (the aromatic substance of butter) are all 
characters of the streptococci The fact that the oigarusms produce mactwe 
lactic acid and occur m tetrad formation is not considered sufficient cause for a 
genenc separation of these organisms from streptococci Accordmgly they con 
sider the beer cocci to be intermediate, m the classification of Davis (1936), 
between the dextro-X&civi acid producmg Streptococcus lactts group and the hetero- 
fermentative feyo-lactic acid, diacetyl producmg vegetative type of the aroma 
group Shimwell proposed a first species differentiation based on temperature 
optimum and a second one on sugar fermentation 
Recent observations The pediococci were observed m this laboratory m micro- 
scopic preparations from fermenting sauerkraut a number of years ago However, 
they apparently do not play an important part m a normal kraut fennentabon 
and actually were not isolated until 1944 when five strains were obtamed Later, 
49 cultures were isolated from fermentmg beans m salt bnne and 646 from fer- 
mentmg salt stock cucumbers They played an important part m the fermentation 
of the beans and m some of the senes of cucumber fermentations, particularly 
m the 1946 senes m those bnnes containing 2i to 6 per cent of salt All cultures 
were isolated from small, round or lens shaped colomes and grew well m a stab 
of glucose yeast extract tryptone agar After preliminary studies, 121 repre- 
sentative cultures were selected for a more complete study These were remark- 


ably similar They were gram positive, nonmotile, catalase negative coccus 
forms which tended to occur m packets of four cells None of the cultures hque- 
fied gelatm or produced mdole Usmg the same 0 6 per cent tryptone, 0^ per 
cent yeast extract base with added buffer salts, no significant vanation was noted 
m regard to the fermentation of sugars and the related carbon compounds 
The cultures vaned somewhat m regard to the amount of acid produced m 
sugar media All cultures produced from 0 5 to 0 9 per cent acid in glucose, fruc- 
tose, mannose, galactose, and maltose with an approximate average or frequency 
distnbution peak between 0 6 and 0 7 per cent Final hydrogen ion concentration 
was high, pH 3 25 to 3 4 compared with 3 06 to 3 25 for cultures of homofermenta- 
tive lactobacilli and 3 7 to 3 9 for high acid producing streptococci The majon y 
of the cultures fermented sucrose, lactose, raffinose, sahcm, and amygdahn, e 
frequency distnbution curve havmg a peak at 0 5 to 0 6 per cent The majonty 
of the cultures also fermented arabmose but the frequency peak was lower, 
per cent, and the maximum acidity 0 6 per cent Xylose m the same 
ported a shght growth but only 20 per cent of the cultures produced more tnan 
0 1 per cent acid, although 0 6 per cent was the maxunum Rhamnose was u 
ized to a shght degree by 35 per cent of the cultures, but the i 

was 0 3 per cent Nearly all cultures, 96 to 100 per cent faded to utihse ma 
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a?p/ia-meth 3 'lglucoside, inulin, de\-tnn, or starch One culture produced 0 54 per 
cent acid m inulm In all other cases, 0 2 per cent acid -was the maxunum pro- 
duced 

All cultures selected for the study produced inactive lactic acid with a trace 
of volatile acid and a small amount of carbon dioxide, approximately 2 per cent 
of the sugar utilized All cultures produced their maximum acidity between 22 
and 32 C, but thej also produced acid at 7 C and at 45 C Some growth occurred 
in broth containing 10 per cent salt Hoveier, the amount of acid produced 
increased as the salt concentration was decreased In other words, salt does have 
some inhibitor} action upon acid production at even 2 per cent concentration 
The cultures varied in regard to growth m litmus milk None grew rapidly, some 
curdled milk after a v eek at 32 C, but others failed to produce more than a 
shght acidity m tv o v eeks 

On the basis of these results it would seem that there may be some differences 
between the \anous cultures vhich may be used in differentiatmg species 
Howei er, although one could select man}'- strains which showed differences m 
regard to carbon compounds fermented, in no case could any significant trend 
be demonstrated Therefore, one must conclude that all strains should be con- 
sidered as belonging to one species 

In the isolation and study of these organisms from fennentmg vegetables, 
1438 strains of Lactobacillus planiarum, 282 strams of Lactobacillus brevis, 602 
strains of Leuconostoc mesenteroides, and 783 strains of Streptococcus faecalis and 
closely related streptococci were also isolated and identified Even though the 
pediococci are coccus forms, they were not confused morphologically or physio- 
logically with the streptococci or leuconostocs at any time The fact that the 
pediococci produced approximately twice as much or more lactic acid than either 
of the other coccus t}Ties was sufficient m itself to distmguish between them 
But, m addition, morphologically they are more rounded like the micrococci, 
sod tetrad groupmg was very common With respect to the acidity produced m 
^gar media, they were more often confused with the gas formmg lactobacilh 
^lud with the low acid producmg strains of the non-gas formmg lactobacilh 
"Bhey could, however, be readily distmguished by microscopic exammation 
Thus one might say that m respect to acid production, they are mtermediate 
between the homofermentative lactobacilh and the streptococci Little difference 
^as found between the many isolates from widely differmg sources such as 
fermentmg beans which are fairly high m protem, fennentmg sauerkraut, and 
cucumber pickles m 24 to 5 per cent salt It therefore seems very doubtful that 
the different strains from beer vary sufficiently to warrant the recogmtion of a 
large number of species 

Concluding comments Lmdner, on the basis of a study of von Huth s culture 
from horse urme assumed that the orgamsm studied by Kurth and named by 
Baicke was a low acid producmg stram There is no evidence that Lmdner had 
Balcke’s culture or one similar to it The fact that it was assumed at that tune 
that the pediococci may have been mtroduced from the stable is not sufficient 
reason to consider that the orgamsm isolated from horse unne was the same as 
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that m the spoiled beer Until such tune that a sufficient difference can be noted 
between the vanous strams showing an optunum temperature range for growth 
between 20 and 30 C, and which mclude the strams descnbed by Lindner, 
Claussen, Mees, and others, it seems most logical to consider that they are all 
similar to the ongmal stram of Pedtococcus cerevisiae Balcke or the slimy vanety, 
Pediococcus viscosiis Umdner 

Lmdner's Pedtococcus acidt-ladtci and SoUied’s Pediococcus hennehergi which 
apparently have an optimum temperature growth range at about 40 C and the 
two strams of tetracocci of Orla-Jensen may differ sufficiently to be considered 
as other species Henneberg mentions pediococci of sauerkraut which he con 
sidered different from the other species 
The lactic acid producing cocci responsible for the socaUed “sarcma sickness 
of beer” were given the name Pediococcus cerevisiae by Balcke (18846) They are 
present m other fermentmg matenals m some of which they may have an im 
portant part m the fermentation They are readily distmguished from the species 
of the genus Streptococcus by their tetrad groupmg and their comparatively high 
acid production These morphological and physiological characters and the fact 
that they produce inactive lactic acid seem sufficient to exclude them from the 
genera Streptococcus, Micrococcus, or Sarcina The group should be considered 
as a separate genus, Pediococcus Balcke with the species Pediococcus ceremsiae 
Balcke as the type There is no justification for the selection by Mees (1934) of 
Pediococcus damnosus Claussen, or by De Tom and Trevisan (1889) of Pedio- 
coccus acidi lacitci Lmdner as the type Although it is granted that Balcke did 
not give a complete descnption of either his genus or species, they were well 
enough descnbed so that other workers have recognized the organisms The 
studies of Lmdner (1887, 1888, 1889) further identified the oiganisms, and they 
were well recognized long before the work of Claussen (1903) The genus should 
be mcluded m the tnbe Streptococceae of the family Lacidbactenaceae with the 
genera Dtplococcus, Streptococcus, and Leuconostoc, rather than m the family 
Micrococcaceae as m Bergey’s Manual (1948) 

The genus should mclude those gram-positive nonmotile, nonsporefomung 
COCCI that occur m tetrads and sometimes smgly or m pairs, show poor surface 
growth because they are mioroaerophihc, are high acid homofermentative lactic 
acid producers and do not reduce mtrates, hquefy gelatin or produce catalase 
The type species is Pediococcus ceremsiae Balcke The species produces inactive 
lactic acid from sugars, always fermentmg glucose, fructose, mannose, galactc^. 
maltose and usually arabmose, sucrose, lactose, raflSnose, salicm and amyg 
and, sometimes to a lesser degree, xylose and rhamnose Nearly all „ 

to ferment manmtol, aZpha-methylglucoside, muhn, dextrm, and starch 
may be fermented slowly by some strams The optimum temperature ran^^ ° 
fermentations is between 25 and 32 C The organism was first obsen 
“sarcma-sick” beer but may occur m the fermentmg matenals such as sauer 

or pickles i, tn be 

If a shmy vanety is defimtely shown m the future to be distmct 
given species or vanetal recogmtion, the name proposed bj Lmdner, Pe i 
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viscosm has pnontv over other names Similarly if a tj^ie is shown m future 
studies to have the higher optimum temperature for growth and warrants species 
or vanetal recognition Pcdiococcus acidi-lachci Lindner or Pcdiococcus henneiergi 
SoUied may be recognized 
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CLOSTRIDIA IN GAS GANGRENE 

LOUIS DeSPAIN smith 
Bwchcmcal Research Foundation, Newarf , DeJamare 

The rapidlj progressne infections of muscle brought about by some members 
of the genus Clostridium ha\e been in\ estigated by a number of workers durmg 
the past ten j ears In general, such im estigations fell into three groups mvesti- 
gations of the clostndn found in war v\ounds and the factors that affect their 
growth, im estigations of the evocellular toxins produced b}’’ the pathogenic 
clostndia and the relation of these toxins to \nrulence, and investigations of the 
effect of chemotherapeutic agents on clostndia 
Local defense mechanisms of the host appear to plaj' no part m gas gangrene — 
these mfections seem to be pnmanly the result of an actively growmg organism 
invading a relatu ely passu e host Much mterest has been shown m the toxic 
exocellular products of the pathogenic clostndia, for the actmt}’’ of the organisms 
IS largelj’ a reflection of the exocellular toxins produced by them With regard 
to the role that such products play in these infections, MacFarlane and Kmght 
(48) have pointed out that in searchmg for biochemical mechanisms by which 
bactenal toxins affect the cells of the host, two mam hjTiotheses should be con- 
sidered first, the toxin may be a substance which blocks a metabohe reaction 
of the host bj’’ mterfenng with an essential enzjnne system, and second, the toxm 
may be an enzjnne itself, exerting its toxic action by attacking one or more 
specific substrates which are normal constituents of the cells of the host and 
which are accessible to the enzyme Gale (30) has presented an excellent dis- 
cussion of C perfringens infections from this pomt of new 
Smee the progress of these clostridial infections seems to be governed more 
by the properties of the mvadmg orgamsms than by the resistance of the host, 
it was thought that it would be interesting and perhaps informative to consider 
gas gangrene pnmanly with regard to the bactena mvolved, and the factors 
'which affect their growth m the animal body The surgical hterature on gas 
gangrene has been reviewed by Atemeier and Purste (5) 

This review is restneted, largely, to mvestigations earned out smee the be- 
emmng of the second World War, a penod when the study of clostndial infec- 
tions was given impetus by the large number of cases developmg m battle 
casualties It was deemed desirable to limit consideration of human cases to 
those ansmg from wounds of warfare, for it was only m active theaters of war 
that gas gangrene occurred with suflScient frequency to m a k e vahd comparisons 
possible 


CLOSTRIDIA FOUKD IX GXS GXXGREXE AXD THEIR ORIGIX 

Several mvestigators have attempted to isolate and identify the sporeformmg 
anaerobic bactena found m gas gangrene A summary of their results is given 
m table 1, which, however, does not mclude strains designated by the authors 
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as “unidentified” It is apparent that many species other than those deemed 
pathogemc can grow m tissue which has been mvaded by members of the patho- 
gemc species, or which has been rendered anoxic by unpaged blood supply 
Although there was considerable variation so far as mdividual species were con- 
cerned, the over-aU isolation rate of the vanous workers was surprisingly uniform 
MacLennan (61) found an average of 2 62 species of clostndia per case, Stock 
(96) an average of 2 66, and Smith and George (91) an average of 2 84 The 
mcidence of Closindium novyj?^ found by all of these workers was higher than was 
expected on the basis of the results of mvestigations made durmg the first World 

TABLE 1 


Cloalndial Flora of Oan Gangrene 


OfiGAKISU 

Fxx as7 or cxns 

MacLcDfitA (51) 
(U6 ctscs) 

MacLennan (52) 
(17 caccs) 

Stock (95) 

(25 cases) 

Smith tod 
George (91) 
(110 ctiej) 

C perfnngens 

66 

83 

80 

39 

C novyt 

37 

47 

48 

32 

C septicum 

19 

24 

4 


C histolifticum 

6 

6 



C ietani 

13 


8 

4 

C btfermentana 

4 

35 

20 

64 

C sporogenes 

37 

50 

72 

54 

C teriium 

30 

69 

8 

3 

C muUifermsntans 




5 

C inUyncum 

13 


4 

3 

C eapitovale 

6 



3 

C fallax 

1 


4 

3 

C cocUeanum 

9 


4 

2 

C putnficum 

19 



2 

C regulare 




2 

C sphenotdes 

3 



2 

C paraputnficum 




1 

C hastiforme 

3 




C telanomorphum 

2 










War On the other hand, the mcidence of Clostridium septicum reported by Stock 
and by Smith and George was stnkmgly low These workers considered the 
methods they used to be adequate for the isolation of this organism Clostridium 
histolyticim was also much less common than was expected Clostridium fesen 
was not isolated by any mvestigator Although this species is pathogenic for 
domestic and laboratoiy animals, it appears that it is not pathogemc for man 
The high mcidence of Clostridium sporogenes and Clostridium bifermentans lu 
cases of gas gangrene encountered m Sicily and Italy leads one to expect t 
this might be associated with the occurrence of the organisms m the soil 

1 For the sake of umfonmty, the nomenclature used throughout this review is that of the 
sixth edition of Bergey’s Manual of Determinative Bactenology 
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Indeed, it appears likely that many of the clostndia found m wounds of war- 
fare have their ongm m the soil The remamder probably onginate from fecal 
contammation of the wounds While it is impossible m any given case to ascertam 
the source Of the organisms, the relation between the mcidence of clostndial 
infections and the terrain o\ er which the fightmg took place mdicates that soil 
IS mvolved MacLennan (51, 52) m an excellent senes of studies on clostndial 
infections emphasized this relation with regard to the mcidence of gas gangrene 
m the Bntish Eighth Army For a considerable time the fightmg took place on 
the almost sterile sand of the Sahara desert, dunng this penod the mcidence of 
gas gangrene was 3 4 per 1000 wounded When the fightmg moved to the more 

TABLE 2 


Closlndta Isolated from Sand or Sandy Soil in North Africa {From MacLennan {61)) 


OSOAKISU 

NUMBnt OT Tnas xsolated 

Desert 
(41 samples) 

SoHed desert 
(24 sampler) 

CalSvated areas 
(26 samples) 

C perfrtngens 

1 

6 

22 

C novyi 

1 

0 

8 

C septicum 

0 

0 

4 

C tetani 

1 

1 

6 

C histolyticum 

0 

1 

0 

C sporogenes 

2 

8 

16 

C putnficum 

1 

0 

3 

C capitovalc 

1 

0 

0 

C cochleanum 

0 

1 

5 

C tertium 

0 

3 

9 

C butyncum 

1 

2 

8 

C sphenoides 

0 

1 

2 

C tetanomorphum 

0 

2 

1 

C calontolerans 

0 

1 

0 

Unidentified species 

2 

4 

7 

Average number per sample 

0 27 

1 2 

3 6 


fertile sod of Tnpolitama and Tunisia, the mcidence of gas gangrene mcreased 
to approximately 6 to 7 per 1000 The clostndia isolated from soil of these areas 
by MacLennan are listed m table 2 The column headed “soiled desert refers 
to specimens obtamed from desert roads and tracks and from the site of en- 
c^pments stiU or recently occupied 

MacLennan believed that the organisms responsible for the infection of most 
of the wounds sustamed m the desert fightmg had their ongm b}'' direct or m- 
direct fecal contammation of the wounds That men fightmg m the desert cam^ 
£>■ considerable population of clostndia with them is mdicated by MacLennan s 
investigation of clothmg The pieces of cloth mvestigated were cut from the 
clothing of wounded men, meubated for 48 hours m tubes cont ainin g cooked 
meat medium and then exammed for the presence of clostndia The results, given 
m table 3, mdicate not only that clostndia can be easil}^ isolated from such a 
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source, but also that the woolen battledress did not harbor significantly more 
clostndia than did the cotton kh a ki dnil This point is emphasized because of the 
opmion held by some surgeons that woolen clothmg selectively harbors anaerobes 
(5, 54, 77) One observer (29) considered that the contamination of the woolen 
cloth did not come from contammation of the cloth as such, but occurred while 
the wool was on the sheep 

Miles, et al (64), m an mvestigation of the bacterial flora of wounds of combat 
and those mcurred in air raids, pomted out that the mcidence of G perfnngens 
m wounds suffered by men m combat was about five tunes as high as the mci- 
dence in wounds of civihan air raid casualties (22 8% compared to 4 1%) 
C sporogenes was found m 10 5% of nuhtary wounds and 4 1% of an raid wounds 
The higher incidence of clostndia m wounds of combat troops may well be a 


TABLE 3 

Closlndia Isolated }Tom Clothing 
(From MacLennan (61)) 


OSGAKZSM 

NUlfBM O? TDaS ISOLATED* 

flattledresi 

1 KiatIdnII 

Tunics 

TrouRcrs 

Shirtj 

Shorts 

C perinngms 

6 

11 

10 

29 

C novyi 

0 

1 

0 

0 

C sepiicum 

0 

0 

0 

1 

C htslolyitcum 

0 

0 

0 

0 

C hifermentans 

0 

0 

1 

0 

C fallax 

0 

0 

0 

0 

C sporogenes 

4 

7 

6 

9 

Other clostndia 

11 

12 

8 

6 

Totals 

21 

31 

24 

45 


• From 25 samples of each class of garment 


reflection of soil contammation, for the mtimate contact of men m the infantry 
with dust m the dry season and mud m the wet season can hardly be overem- 
phasized 

The report of Ferguson (26) on casualties sustamed m amphibious operations 
m island warfare m the central Pacific also mdicated a close association between 
soil contamination and the mcidence of gas gangrene The patients he was cm- 
cemed with mcluded 2664 wounded men, 1229 Navy, 1598 Marine, an 
Army casualties These casualties did not mclude bums Almost all of^the y 
and Manne casualties were from land operations, those from the Navy rom 
naval operations Of 31 possible cases of gas gangrene, all save one were rom 


land casualties , . „ 

On the contment of Europe, the mcidence of gas gangrene was as hi^ 
was durmg the fimt World War Durmg 1917-1918, the mcidence was 3 6 pe 
1000 (51), while for World War H Langley and Winkelstem (43) reportea 
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per 1000 liospital admissions, Odom (72) reported 445 cases m 92,030 casualties 
in the U S Third .Vrmy, an incidence of 4 S per 1000, and the Dieppe raid 
3 aelded an incidence of 30 per 1000 (6S) In the island "warfare of the central 
Pacific, the incidence was also high, although somewhat more vanable Ross 
and R^ an (S6) reported an incidence of 45 per 1000 m the Owen-Stanley and 
Buna-Gona campaigns, and Neel and Cole (6S) reported an mcidence m am- 
phibious warfare of 7 per 1000 In 160 cases wnth severe wounds, the latter 
workers (69) found 27 cases of gas gangrene, an incidence of 169 per 1000 m 
these selected cases That the mcidence of gas gangrene was not uniform from 
one island to another is indicated bj' the report of Potts (76) who encountered 
no cases m one evacuation hospital 

The only report m which a high mcidence of gas gangrene was noted m men 
who were not exposed to intimate contact with the soil is that of Cutler and 
Sandusk}’’ (20) who reported IS cases per 1000 m wounds suflfered m aerial 
combat 

The opinion is often exTiressed that the normal habitat of the pathogemc 
clostndia is the large intestine of man and animals and that these organisms exist 
in the soil onij' as spores However, the author of this ^e^^ew has been unable to 
find, m the literature available to him, any e\ndence m support of this opmion 
The results of the investigation of Smith and Gardner (92) mdicate that C 
pcrfnngens does not alwaj's exist in the soil solely m the form of spores These 
workers determined the numbers of heat susceptible (78 C for 20 mmutes) and 
heat resistant forms of C perfringcns m soil which had not been subjected to 
recent fecal contamination and found that the majonty of organisms were heat 
susceptible They concluded that these probabl}’’ were vegetative cells and that 
active growth of C perfringcns probably took place m the soil The comparatively 
faige numbers of organisms (from 100 to 50,000 per gram) found by them also 
Would be difficult to explam on the basis of fecal contammation Wan (100) 
reported that C perfringcns spores were found m numbers as high as 10,000 per 
gram of sod, but gave no information as to how his data were obtamed 

The bactenologj’’ of war wounds has been renewed bj’’ Altemeier (2, 3) Two 
studies of the anaerobic bacterial flora of war wounds have been made recently 
by MacLennan (51) and Rustigian and Cipnam (87) The results of these authors 
are given m table 4 It should be noted that those of MacLennan were derived 
from a study of wounds sustamed m the North African desert, consequent y, 
the differences m the mcidence of vanous species may be due, m some meagre, 
f-o the material contammatmg the woimd onginallj'" MacLennan particu ry 
emphasized the relatively low mcidence of proteolytic species m wounds m- 
eiirred m the desert „ 

The bacteria, other than clostndia, found m gas gangrene do not er appre 
ciably from those found m orSmary contaminated wounds, except, per P®' ^ 
^ewer mcidence of some species None of the workers m World ar 
the non-clostndial bactena encountered m the cases of gas gangrene they m- 
'^tigated, but Smith and George (unpublished data) found streptococci m 
of the 110 cases mvestigated by them, micrococci in 29 cases, co i lu. , 
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Paracoldbaclrum sp m blx, Bacillus sp in four, and Corymbadenum sp m one 
It should be pointed out that the majonty of the patients had been treated ivith 
sidfonamides, consequently, the incidence of vanous organisms may not represent 
that which would have been found m untreated cases of gas gangrene The 
frequent occurrence of more than one bactenal form (especially, clostndium plus 
clostndium, or clostndium plus coccus) is a common characteristic of these 
infections 


TABLE 4 

Clotlndta Isolated from TFar Wounds 



FZX CZNT OT CASES 


MacLtimin (51) 

(259 esses) 

RastigUn and 

1 Cipntnl (87) 

(26 cues) 

C perfnngens 

C novyt 

C septicum 

C tetani 

C bulyncum 

23 

5 

2 

6 

34 

47 

27 

8 

8 

0 

0 

23 

C ieritum 

20 

85 

C sporogenes 

0 

C cochleanum 


4 

C sphenotdes 

0 

4 

0 

C captiovale 


0 

C letanomorphum 

0 7 

0 3 

4 

C Infermentans 

0 

C hastiforme 

31 

C puirtficum 

Unidentified strains 

13 

35 


the genesis of the INFECTnON 

It IS apparent from the relatively high mcidence of pa^ogMic 
wounds which do not develop gas gangrene that factors other t 
If the orgamsms are necessary before progressive infection can devdop 
ably the most important factor is the local ondation- 

tissues in the immediate neighborhood of the ^^th of clostndia 

reduction potential of normal tissues may be too kgh for 6^ merfnngens 
IS mdicated by the work of Hanke and Bailey (32 who W tot ^ ^ 
(two strains) required an E. lower th^ +74 m^volts at 
(1 stram) required an Eh lower than +114 mv at ^ ^ Tuta (33) 

(1 stram) required an Eh lower than +76 mv ^246 mv , 

found the Eh of the circulatmg blood to ^“7 

with 60% of the findmgs falhng ^etwe^ +, to be 

mformation alone, one would not exp jt most stm^ P 

able to mvade hvmg tissue from the surface of a cton 
tissue 18 m equihbnum ivith the circulatmg blood 
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That gunshot ounds cannot be considered in this light is evident from the 
findings of vorkers vho haac imestigaled v ounds and the mechanism of then- 
formation b} high-speed missiles ^^^len a small missile strikes a heanly muscled 
portion of the bodj' such as the thigh, it makes a small hole m the skm, a larger 
hole in the subcutaneous fat and then pierces the inelastic deep fascia surroimdmg 
the muscle through a hole just large enough to admit the missile It then enters 
the muscle vliicli responds by actnc reflex contraction, piiUmg the damaged 
fibers vadelj apart vath the formation of a relatn elj' large cavity (65) Durmg 
this penod, much of the kinetic cnerga’’ of the missile is transformed mto shock 
waa e pressures Regions of verj' high pressure are formed immediately m front 
and to each side of the moiang missile Relatn el}' slow low pressure changes are 
connected vath the behaaaor of the explosn e temporarj’’ cavity formed behmd 
the missile (34) The pnmarj' damage to the tissue is due to the crushmg of the 
tissue m front of the missile and the stretching or teanng around the missile 
path which results from the formation and collapse of the temporarj’’ ca'vity (35) 
Locahzed and sharply defined areas of anoxic muscle are produced, probably as 
the result of local vascular spasm (44), and regions of extra vasated blood are 
formed (35) Furthermore, since seieral muscles m the hmbs are supphed by 
only one or two blood vessels (65), any damage to these results m larger areas 
of anoxic muscle In this regard, INIacLennan (51) pomted out that about 65% 
of the cases of gas gangrene he mvestigated were associated with damage to 
major blood vessels 

If muscle becomes anoxic, the oxidation-reduction potential will soon drop, 
for the phosphorolj’tic breakdown of carbohydrate will contmue Smee the 
oxyhemoglobm and oxymyoglobm wiU soon be deoxygenated and no longer able 
to function as sources of o’^ygen, the anaerobic reduction of pyruvate to lac^te 
will take place with a consequent drop m oxidation-reduction potential en 
if no muscle were mvolved, but only extravasated blood, the Eh woul soon 
drop from about -}-170 mv to about -f50 mv (97) The drop m potential m 
extravasated blood is also connected with phosphorolysis, for it oes not 'e 
place m the presence of fiuonde or lodoacetate + i 

The influence of atmosphenc ox^^gen on the oxidation-reducton po 
probably is not appreciable, for the rate of diffusion of oxygen t oug 
IS extremely low and the abihty of muscle to consume oxj gen k compara i e j 
kigh, therefore one would not expect to find pOs of 0 01 atmosp ere m mamiM 
ban muscle "with non-functional blood supplj’’ beyond 0 1 to mm 


surface (39) , xi, tt icn 

As the oxidation-reduction potential of the anoxic musck ops, e P 
IS lowered because of the accumulation of orgamc acids e re a ^ 
tune and the drop m pH of muscle with unpaired blood supply ^ sho 5 

results of Stoner and Green (96) m table 5 As a result of ttmse c ^ g 
tion-reduction potential and pH, the catheptic enzymes o ._+j^tion 

active, hydrolyzmg some of the protem and thus mcrea^g e ^ 
of ammo acids and peptides In five hours, the concen ra lo nronortion 

acids would more than double, if the other ammo acids increase P P 
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to tyrosine (96) After a longer time, the rate of hydrolysis probably becomes 
more rapid as the pH and o^dation-reduction potential of the muscle approach 
the optima] values for the action of the catheptic eniymes 
In addition to mcreasmg the concentration of available ammo acids, the 
increase m hydrogen ion concentration favors the growth of the clostndia m 
another way Hanke and Bailey (32) found that there was a defimte relation 
between pH and the highest oxidation-reduction potential at which vanous 
clostndia could grow Their findmgs for C perfnngens are illustrated m table 6 
If these findmgs are considered m connection with those of Stoner and Green 
presented m table 5, it appears that clostndia m the presence of anoxic muscle 


TABLE 6 


Decrease tn pE tn Anoxic Muscle 
(From Stoner and Green (96)) 


Hours 

0 

1 1 

2 

1 ^ 

4 

pH of muscle 

7 6 1 

7 2 J 

6 8 

6 8 

6 7 


TABLE 6 

Ltmtiing Eh Values for Orowlh of C perfnngens 


(From Hanke and Bailey (32)) 


pH 

Eh Cut) 

6 0 

106 

6 2 

131 

6 4 

160 

6 6 

160 

9 8 

114 

7 0 

90 

7 2 

80 

7 4 

36-70 

7 8 

0-30 


become much less demandmg so far as the oxidation-reduction potential is 
concerned A comparatively small drop m En brought about by glycolysis within 
the muscle should be sufficient to enable growth of the clostndia to start, if the 
pH of the muscle were around 6 6 

Probably the results of this mterplay of factors have led the suigeon to shorten 
as much as possible the time between wound infliction and surgical intervention, 
1 e , the length of tune withm which anoxic muscle possibly contammated wi 
clostndia remains mth a wound The influence of the length of this penod on t e 
mcidence of gas gangrene is mdicated by the data m table 7, which is taken rom 
the report of Langley and Wmkelstem (43) , 

From the nutntional standpomt, also, it seems likely that some au o y 
tissue does take place before certam of the pathogemc clostndia can grow in 
annual body The ammo acids found by Boyd, Logan, and TyteU (W, 
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required by C pcrfnngcns included cj’^stine and tryptophan No appreciable 
amount of cvstinc or cysteine exists as such in the mtercellular fluids of the 
vanous organs, or in blood serum (9S, 103) Glutathione, a compound which 
might sen e as a com enient source of cj steine, is also absent from blood serum 
(103) Dent and Schilling (21) found no trjqitophan in the blood plasma even 
when the specimens were taken shortly after the feedmg of large amounts of 
protem If the tissue were undergoing autolysis, however, these two ammo acids 
would be supplied bj the action of the catheptic enzjmies mentioned above 
It seems hkelj , then, that there are two important factors necessary for the 
initiation of the growth of clostndia m muscle — an appreciable amount of tissue 
with impaired blood supply and a suflacient time lapse after wound infliction 
Under such conditions, the action of the enzymes of the tissue probably provide 


TABLE 7 

Incidence of Gas Gangrene Related to the Intcrial Between Wound Infliction 

and Medical Attention 


(From Langley and Winkelstcin {43)) 


1 

1 

INTtUXAI. 
BETPrxrN 
WOUKDIVC A^^) 
DSXSSIKG 

BmVEXN 

WOO^^)ISG AKD 
SUBGOlV 

PIS 1000 

Amencan casualties 

12 nun 

1 0 day 

S 

Free French casualties 

18 nun 

1 5 day 

12 3 

Prisoners of war 

340 min 

3 75 day 

61 9 


a suitable hydrogen ion concentration, a suitable oxidation-reduction potential 
and sufiScient anuno acids or peptides to enable growth of the clostndia to start 

PROGRESS OF THE EvFECTION 

Once growth has started m anoxic muscle, progress of the mvadmg orgams^ 
into undamaged muscle is dependent largely upon the production of eTOce ar 
enzymes and substances which mterfere with the enzyme systems o t e o s 
Cells 

Of the pathogemc clostndia, only C perfnngens has been studied m detad, 
so far as the production of exocellular enzjones is concerned Sue mve iga mM 
■were greatly stimulated by the mdependent discovery by Nagler (66) an ^ ® 
(90) that the lecithm-sphttmg activity of culture filtrates cou f, 

''^th the toxic actmty Further work demonstrated the identit3 ® ® 

sphttmg enzyme and the alpha toxm, the mam lethal component o c 
trates (48, 50) Crook (19) concluded that there may be several lipolytic enzymes 
produced by C perfnngens MacFarlane (47) found that sp gomye was 
attacked as well as lecithm, although cephahn (phosphatidyle . 

phosphatidylserme) was not attacked Zamecnik et al n -nrr- 

neither glycerophosphorjdchohne nor Ij^olecithm was attac 'e a 
fringens produced one or more enzymes which could hydro yze y uromc , 
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the “ground substance” or “mtercellular cement” of the tissue, was shown by 
McCIean (57) (Fora review, see Meyer, 61 ) A coUagen-sphttmg enzyme (kappa 
toxm) was demonstrated by MacFarlane and MacLennan (49) and was further 
studied by Oakley, Warrack and van Heymgen (71), Evans (25), Bidwell and 
van Heymgen (12) and Bidwell (11) C perfnngens was found to produce also 
enzymes capable of hydrolyzmg glycogen or starch (30, 93) and ribonucleic acid 
(93) Besides the proteolydic enzyunes capable of hydrolyzmg coUagen, another is 
produced which hydrolyzes gelatm (55) and possibly other hydrolytic products 
of collagen There is histological evidence only (83) for the production of an 
enzyme capable of depolymenzmg desoxynbonucleic acid Schiff (89) has re- 
ported that an exocellular enzyme that decomposed blood group A specific 
substance was found m culture filtrates of this organism 

The "burstmg” factor, found m non-toxic filtrates by Fredette and Frappier 
(28) may be one or more of these enzymes, but until its properties are more 
clearly defined, it must be considered simply as an “aggressm ” 

Toxm and enzyme production of the other species of pathogemc clostndia 
have not been studied m such detail However, Oakley, Warrack and Clarke 
(70) mvestigated the activity of filtrates of C novyi with regard to toxic anti 
gemc components, of which they found six They designated the main lethal 
component the alpha toxm The beta and gamma toxins were found to be hemo- 
lyrtic lecithmases The delta and zeta toxins were also hemolytic, but were without 
hpolytic activity The epsilon component was found to be responsible for the 
“pearly layer” phenomenon on nutrient agar These workers found that the 
three types of C novyt could be distmguished by the toxms formed, Type A 
formed alpha, gamma, delta, and epsilon. Type B formed alpha, beta and zeta, 
Type C regularly formed none of these, but irregularly formed gamma toxm 
Bemheimer (8, 9, 10) studied the lethal toxm of C septtcum which he con- 
sidered to be identical with the hemolysm He based the identity of the lethal 
toxm and the hemolysm on the following facts 1 The lethal acbvity of vanous 
filtrates was proportional to the hemolytic activity 2 Treatment withhydrogen 
peroxide reduced both proportionally 3 They were adsorbed to the same extent 
by charcoal 4 They were adsorbed to the same extent by kaohn 5 Adsorpbon 
on erythrocytes removed lethal as well as hemolytic activity 6 Both were de- 
stroyed m dilute solution at 36 C 7 They were inseparable by fractional pre- 
cipitation with ammomum sulfate 8 Antihemolytic capacity of antitoxic hoi^ 
sera was directly proportional to the antiletbal capacity In a study of the 
kmetics of hemolysis, he found that this resembled m several respects t^t o 
enzyme-catalyzed reactions, but differed m the absence of a clearly defined p 
optimum Bemheimer foimd also that (7 sephcum toxm was inactivated by o 
cooked meat present m some of the media he used Prehmmaiy extraction o e 
cooked meat with hpoid solvents prevented the inactivation The hpids iso 
m this way did not mactivate the toxm, however 

Detailed studies have been made of the action of crude C perfnng^ 
filtrates on tissue by Eobb-Smith (83) and by Frazer, et al (27) e ® 
mvestigator concluded that the histological changes could be ascnbea 
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enzr\Tnes present m the culture filtrate, particularh lecitlunase, collagenase, and 
hj'aluronidase All tlic histological changes found m muscle in gas gangrene due 
to C pcrfnngcns could be reproduced tu vitro with culture filtrates, except for 
edema and gas formation Frazer, c( al also used culture filtrates tn vitro and 
noted that \ isiblc breakdoxTO of conncctn e tissue occurred before any effect on 
muscle was noted Tendon and nene were more resistant than other tissues, on 
longer exposure, they too were affected Dilatation and thrombosis of the micro- 
scopic blood a esscls were regularlj' seen, as w as swelhng of the vascular endo- 
thehum Kropp and Smith (42) maestigated the tissue changes occumng m 
infections due to C pcrfringcns m guinea pigs, restncting their observations to 
the area immediate!} around the infection The} also emphasized the effect 
found on connectn e tissue, and the swelling and fragmentation of the collagenous 
fibers Leukoc}'tcs, fibroc} tes, reticular cells and histioc}i;es broke down rapidly, 
not only m the immediate MCinity of the maadmg orgamsms, but some httle 
distance from them Blood a essels were found to be thrombosed with the endo- 
thehum frequently ruptured 

The roles pla}ed b} the indiandual enz}Tnes in infections by C perfnngens 
haa^e not been ascertained with certamty, such knowledge awaits the testmg 
of the isolated enzaunes in the animal body Howeaer, it seems likely that the 
principal function of the enzymes m promotmg the groavth of C perfnngens in 
VIVO may be tentatiaely outlined 

The glycogen-sphttmg enz}’me probably senses to supply the organisms avith 
carbohydrate for the energ}'’ for protoplasm and enzyme synthesis The nbo- 
nuclease, and perhaps the desox}'nbonuclease, aid mdirectly m fu rnish ing the 
organisms anth ademne and avith uracil, two factors necessary for opti m u m 
growth (13) The hyaluromdase, by breakdoavn of hyaluromc acid probably 
renders the tissues more permeable to the spread of the organisms and also 
furnishes them anth N-acetyl-glucosamme, which stimulates the production of 
alpha toxm by some strains (85) The lecithmase seiw^es to disrupt the cell mem- 
branes of various cellular elements of the tissues, includmg the phagocytic cells, 
and makes accessible to the other enz}Tnes substrates which otheravise would be 
protected by the cell membrane Furthermore, the lecithmase, as a result o its 
action on protem-hpid complexes in the muscle, frees appreciable amounts o 
vanous hpids (27, 49, 83), some of which serve to stunulate the formation of 
more lecithmase, as purified lecithm has been found to do (1) 

The collagenase appears to be of prune importance m the progress o psr 

/nagen-s mto uninfected muscle Not only does this enzyme aid m br g own 
the architecture of the muscle groups through destruction of connective tisme, 
but it also supphes the organisms with ammo acids and peptides at a rate ^ 
than that of the catheptic enz}’mes of the muscle It probably also ® 

factor necessary for lecithmase production which Adams, Hendee, ^ appen 
henner (1) found m enzyme-hydrolyzed casein Whether or not t s ac or is 
identical with that found by van He}Tugen (38) in autolyzmg muse e is 
uncertam It is apparent, however, that the coUagenase furnishes all the peptide- 
hke substances requued for growi;h and enz}'me production by perfnngens 
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It appears that both the coUagenase and lecithinase aid in the destruction of 
capiUanes The coUagenous reticular sheath around the capiUanes (56) is prob- 
ably attacked by coUagenase, while the endothehal cells composing the capillary 
walls apparently are destroyed by the lecithinase, resulting m increased capiUaiy 
permeabihty It appears that mcrease m capiUaiy permeabihty (63) and the 
vasodilatation and thrombosis regularly seen (27, 42) cause the accumulation of 
fluid m mterceUular spaces As MullaUy (65) has pointed out, such accumulation 
of fluid 'withm the inelastic fascial sheath results m increased pressure which 
mterferes with venous return and lymphatic drainage The production of carbon 
dioxide and hydrogen from the fermentation of muscle glycogen and ammo acids 
■withm the inelastic sheath further serves to accentuate pressure changes With 
impairment of venous return and thrombosis of the capUlanes, the blood supply 
to the immediate area is lessened, and mth the consequent drop m oxidation- 
reduction potential and pH, a new portion of muscle is then made suitable for 
the gro'wth of the clostndia, and the progress of the infection can contmue 
It must be noted, however, m any consideration of the action of the exocellular 
enzymes, that Evans (22) was unable to find any evidence that antisera ivith 
considerable capacity for neutrahzmg hyaluromdase had any effect on the 
progress of infections by C perfnngem This same worker (23) from the results 
of a study of lecithmase, hyaluromdase and theta toxm production of a number 
of strams of C perfnngem, concluded that 'vurulence was generally associated 
with lecithmase — the production of hyaluromdase and theta toxm tn miro was 
not associated with virulence in mvo With regard to sera with anti-coUagenase 
activity (24), it was not demonstrated that it conferred any protection nor did 
it appear to enhance the protective properties of alpha antitoxm However, m 


companng different strams of C perfnngem, Evans (25) did find some relation- 
ship between the production of coUagenase, the production of lecithmase and 
virulence for guinea pigs It was pointed out that among the pathogenic clos- 
tndia, muscle destruction in vwo is produced to a marked degree only by the 
two coUagenase-producmg species, C perfnngem and C histolyticum, and not 
by species mcapable of producmg coUagenase {C ietani, C novyi, C septieum) 


A number of workers have investigated the relation between pathogemcity 
and 171 intro production of hyaluromdase and lecithmase The results of such 
experiments should be mterpreted ■with caution where no relation is found to 
exist, unless the adequacy of the medium for toxm production by various strams 
has been considered Gro'wth of C perfnngem does not necessarily result m the 
production of exoceUular enzymes, and there appears to be some vanation from 
stram to stram so far as optimum conditions necessary for the production of t e 
enzymes are concerned Robertson and Eeppie (84) compared the in tnlro pro- 
duction of toxm of strams apparently responsible for active infections with strams 
which seemed to be present as wound contammants In general, straiM from 
active infections were more toxigemc than the wound contaminants Me cm, 
Rogers and Williams (58) found that of 32 strams of C J 

them 12 produced hyaluromdase, 11 of these being toxigemc Of 20 
did not produce hyaluromdase, 11 were toxigemc AU of 20 strams of C ep 



1949] 


CLOSTRIDIA. IV G\S GANGRENE 


245 


and 7 of 15 strains of C nonji produced hj aluronidase Keppie and Robertson 
(41) m\ estigated strains of C pcrfnngcns from vanous sources for pathogenicity 
in guinea pigs, production of alpha toxin, production of hyaluronidase, and 
formation of capsules The} found little relation between pathogemcity and the 
other charactenstics Ivass, Lichstein and Waisbrenn (40) mvestigated the 


production of h} aluronidase and lecithmase in relation to anrulence m 94 strains 
of C pcrfnngcns isolated from soil and feces Thej' found 41 strains to be virulent 
for mice, of which 83% produced lecithmase and 47% h 3 mluromdase 
Altemeier and Furste (5) studied the % irulence of 15 strains of C perfnngens 
isolated from soil and 25 strains isolated from wound infections of vanous degrees 
of seventj' Tbej’ found that the \ irulence of strains isolated from infected 
wounds was much greater than that of strains isolated from soil, that the viru- 
lence of strains isolated from localized infections was sometimes as high as the 
Virulence of strains from fulminating cases, that there was no measurable correla- 
tion between the nrulence of these strains for animals with closed wounds 
contaimng crushed muscle and dirt and their relatn e abihty to produce alpha 
toxin, theta toxin, and hj'aluromdase in vitro, and that the virulence as deter- 
nuned by the crushed muscle and dirt techmque did not correspond with that 
determmed bj’’ the simple injection of bacteria It appears from these findmgs 
that factors other than exocellular eni^Tne production are of importance m 
determimng xnrulence "^Tiether these factors are those stressed by Butler (16, 
17) — capsule production, smooth colonies, and resistance to phagocytosis can- 
not be determmed from the eindence at hand However, hides (62) stated that 
there was a lack of association between the capacity of toxm-free suspensions to 


resist bactericidal properties of blood and the capacity to produce gas gangrene 
MacFarlane and MacLennan (49, 53) advanced the opmion that the lethal 
action of the alpha toxm on the host is not due to the enzyme activity per se, 
but IS due to the absorption by the host of some toxic substance derive rorn 
muscle tissue which has been acted on by the lecithmase Although no ciucia 
evidence has been advanced, the foUowmg facts support this hypot esis 
Antitoxm contammg antibody to alpha toxm is usually of shght value so ong 
as infected muscle remains withm the body 2 A lethal dose of toxm given m ra 
muscularly is larger than one given mtravenously 3 Alpha toxin given m ra 
venously causes hemolysis of the red cells m the circulatmg bloo , t a 
mtramuscularly does not 4 Toxm production in vivo seems to e associa 
■with the growth of the clostndia m muscle Growth of C perfnng^s m ° ^ 
tissues usually does not yield infections similar to gas gangrene ( , o) 
toxm IS rapidly and strongly adsorbed by muscle in vivo /m-i n 

The mterestmg mvestigation of Zamecnik, Folch and Brewster o ° 
protection of nnimnlR against C perfnngens toxm was base ori e 
that protection was required against the lecithmase as such ey oun 
mtravenous mjection of certam punfied hpids simultaneous 3 
cooferred temporary protection Smee only hpid preparations J fZ.^teetion 
C perfnngens filtrates exerted such protective effect, it appeare „,_^„iq+ina: 
^ms afforded simply by supplying such an excess of substrate m e 
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blood that only a comparatively small amount of lecithmase could attach to 
substrate m the tissues 

In another mvestigation, Zamecmk and Lipmann (106) found that antitoxin 
and lecithm competed for the lecithmase, providing an explanation for the co- 
existence m the circulatmg blood of both antitoxm and lecithmase Since the 
enzyme-substrate complex was easily dissociable and the enzyme-antitoxm 
complex was much less so, eventually the antibody competed successfully for 
the enzyme The physiological action of C perfnngens toxm and C novy% toxm 
was also studied by this group (8, 144) 

It seems unlikely from the work of Brown, McIntosh and White (17) that the 
histidme decarboxylase of C perfnngens has much effect on the host Although 
histamine is formed by the decarboxylation of histidme, the mcrease m histamme 
content of gangrenous muscle (30 to 230%) seemed insuffi cient to cause appre- 
ciable effect, even locally 

CHEMOTHEILiPT OF GAS GANGHENB 

In spite of the advances m chemotherapy that have been made m recent years, 
it appears that none of the newer chemotherapeutic agents markedly affects the 
progress of clostridial infections of man The sulfonamides have not shown any 
appreciable effect m the treatment of gas gangrene (18, 43, 51) and from the 
w'ork of Ryan ei al (88) it appears that the use of analogs of growth factors other 
than p-ammobenzoic acid offer but little hope Antibiotics other than pemciUin 
tested by these workers — pemcdhn B (notatm), ghotoxm, gramicidin, tyro- 
thncm, streptothncin and streptomycm — ^were less effective m laboratory ani- 
mals than was pemcdhn Zmc peroxide, urea peroxide, and pyrophosphate 
peroxide were also meffective 

Although some clostndial infections m laboratory animals can be controlled 
by the use of pemcilbn, the effect of this agent m cases of gas gangrene is shght 
MacFarlane (46) concluded that it could not be demonstrated that pemcdlm 
decreased the mortahty rate in 185 cases considered by her (see table 8) It should 
be pomted out, however, that there is a possibihty that the doses of pemcillm 
used m humans were too low Altemeier, Phirste, and Culbertson (6) concluded, 
from the results of a well-planned senes of experiments m gumea pigs, that 
human dosage of pemcillm m cases of gas gangrene should be about 8 million 
umts a day The dosage employed by most surgeons m the armed forces was 
200,000 to 400,000 umts per day (99) Also, it is possible that pemcillm is ren- 
dered mactive by reducmg substances produced by the dismtegratmg tissue 
and the growmg bacteria There is evidence suggestmg that pemcillm acts by 
promotmg the dehydrogenation of — SH groups to S — S groups more rapidl^han 
the organisms can restore — SH groups (78) Most pathogenic clostndia produce 
hydrogen as one endproduct of carbohydrate and ammo acid fermentation m 
their abihty to restore — SH groups should be considerable There is the 
possibihty that pemcillm is mactivated locally by nucleic acid released from e 
cells of the host by the action of the bactenal or tissue enzymes, ® 

and George (73) have demonstrated that pemcilbn could be mactivated tn m 

by nucleic acid 
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The inability of the chemolhcrnpeutic agents to prevent the initiation of 
clostndial infections is explicable if vre consider that the bactena groiv first in 
muscle vrhich is not in free equilibnum vnth the circulating blood The agent can 
reach the orgamsms onh bv diffusion and this vould be insufficient to allow the 
development of an appreciable concentration in a short time, smee the concen- 
tration of a diffusing substance at anv point will be mversely proportional to 
the square of the distance through which it has diffused In considering the 
treatment of established infections vith chemotherapeutic agents, it appears 
that here, also, there may be considerable difficulty m bnngmg the agent mto 
contact with the organisms As jMiles and Allies (63) have shown, C ■perfnngens 

T VBLE S 


Penicillin and Mortality Pate 
(From McFarlane (46)) 


FTVICrLLt'J 

so PESlCttlE, 

Cues 1 Deaths] Rate 

Cases 

Death* 1 Rate 


Gas Gangrene of Arm or Leg 


Group I 1 

Group n 

Group m 

23 ' 
8 

1 

6 

2 

1 

26 1 
25 

100 

i 

1 

9 1 
53 3 
90 9 

-17 ± 15 

28 i 20 
-9 i 29 

Gas Gangrene of Thigh, Buttock or Shoulder 

Group I 

13 

5 

38 5 

11 

6 

54 5 

16 =k 20 

Group II 

8 

6 

75 

32 

26 

81 3 

6 ± 16 

Group in 

6 

6 

100 

31 

1 31 

1 

100 



Group I— Treatment within 6 hours of diagnosis, including surgery and antitoxin 
Group II — Treatment later than 6 hours or less than 60,000 umts of antitoxm 
Group HI — No surgerj , no antitoxin 


toxm rapidly damages the capillanes, bnngmg about the exudation o ui , 
first mto the muscle itself and then into the loose tissue around the muse e 
pressure mcreases, leakage of fluid will cease and any agent given subsequ^t y 
^ get mto the exudate only slowly, if at all, even if the circulation were other- 
mse unimpaired 

VOTES ON THE ISOLATION AND IDENTIFICATION OF CLOSTRIDIA FEOW INFECTED 

WOUNDS 

The isolation and identification of clostndia is somewhat more difficult tha 
IS the isolation and identification of many aerobic bactena Iso tion is some 
tunes rendered tedious by nutntional requirements and by ten ency 
Identification is often troublesome because of discrepancies m repo 
actenstics and because of the apparently inherent vanabihty o ^ 

With regard to complex nutntional requirements, some strains o e P 
gemc clostndia are extremely fastidious when first isolated, growmg ve^ ^ ^ 

ou the surface of blood agar plates, even though the same medium will supp 
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good growth of stock cultures of the same species In general, the nutntional 
inadequacy of platmg media is shown by the appearance on plates streaked from 
infected muscle of small satellite colonies of one species close to colonies of 
another A basal medium prepared from infusion of fresh muscle or liver, or the 
addition of yeast extract thereto, usually supphes sufficient growth factors to 
satisfy even the fastidious strams 

Swanmng may be lessened by the use of platmg media with a relatively diy 
surface, as Reed (79) has suggested A more nearly certam method is the use of 
plating media contaming 4 to 6% agar Colony form and hemolytic pattern on 
such media are not identical with those on media containmg 1 5 to 2% agar, 
but the reduction m the swanmng is well worth the extra labor mvolved m 
picking colonies of somewhat uncertam charactenstics 

The biochemical charactenstics of the clostndia most apt to be encountered 
in wounds have been descnbed by Spray (94), Reed and Orr (80), and more 
recently by Reed (79) Since a number of species of clostndia are not considered 
m these reports, Bergey’s Manual of Determinative Bactenology should be 
consulted The information offered by Wemberg ef aZ (102), is also of value* 

There are some discrepancies in the literature with regard to the charactenstics 
of certain species In general, the discrepancies concern the production of hemo- 
lytic zones on blood agar plates, the reduction of mtrate, the formation of indole 
and hydrogen sulfide, and the fermentation of certam carbohydrates With 
regard to hemolytic zones around surface colomes, this is clearly a function of 
the platmg medium as well as of the species of animal from which the blood was 
taken The vanation that can be obtained m this regard is illustrated by a com- 
panson of the reports of Reed and Orr (80) and Reed (79) The former workers 
reported that no hemolytic zones were found around colomes of C (eritum, C 
faUax, C sphenoides, C capitovale and C cochleanum on blood agar plates, while 
in a more recent article Reed (79) descnbed colomes of these species as being 
surrounded by zones of hemolysis 

Reed (81) has pomted out that the accumulation of mdole m cultures of certam 
clostndia is governed by the relative rates of two reactions — the rate at which 
mdole 18 formed and the rate at which It is broken down — and, consequently, 
that a shght modification m the rate of either reaction would be sufficient to 
change the results of a test for mdole A somewhat similar situation seems to 
exist with regard to the formation of mtnte from mtrate This may explam, in 
some measure, the discrepancies that exist regardmg the formation of mdole by 
C sphenoides, C capitovale, and C ieiani, and the reduction of mtrate exhibited 
by C sphenoides 

Lack of agreement as to the production of hydrogen sulfide probably rteiM 
largely from the use of dififerent media by different mvestigators As Reed m 
Orr (80) have pomted out, almost all species of clostndia wdl produce at 1 a 
trace of hydrogen sulfide if grown on a medium nch m orgamc sulfur D e^ 
media have been used by vanous mvestigators to determme this characte ic 

1 See ulso, Pr6\ ot Manuel de classification et determination des bact^nes ODaiidbi 
Masson, r Pans, 1948 
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Consequently, if the findings of one author are to be used for identification, the 
particular medium that he worked with must be used 

The lack of agreement with regard to the fermentation of various sugars by 
certain species can be explamed only by the supposition that certam species are 
extremely variable Richard (82) encountered variation withm smgle strains m 
fermentation of sugars, except for glucose and fructose, and m the abihty to 
hydrolyze starch upon repeated examination of strains of but 5 rnc acid bactena 
LikevTse, Wemberg and hlihailesco (101) found a good deal of vanation m the 
abihty of C fesen and C septtcum to ferment sucrose and sahcm Possible 
vanabihty m the media as a cause of the lack of agreement has not been ade- 
quately explored 

In general, however, these discrepancies give nse to less difficulty than might 
be supposed, for other charactenstics can often be used for tentative identifica- 
tion The latter is particularly true of the toxigemc species, m which neutrahza- 
tion of toxm by monovalent antitoxm can be used Also, the morphological 
charactenstics seem to be comparatively stable, so that the detenmnation of 
spore shape and position can usually be rehed on to give worthwhile data How- 
ever, some species do not readily form spores The detenmnation of motihty by 
the use of semi-sohd agar also provides reliable information However, smce the 
great majonty of the clostndia are motile, this information is of most value m 
the identification of the non-motile species The proteolytic actmty of vanous 
strains of the same species is usually quite uniform, and the detenmnation of this 
characteristic provides data almost as rehable as does the detenmnation of 
morphological charactenstics At the present time, there has not been sufficient 
Work done on the antigemc composition of the clostndia to allow the use of 
serological methods, other than antitoxm neutrahzation, for the detenmnation 
of identity 

It IS apparent that our knowledge of the clostndia is stiU fragmentary As the 
situation now stands, a number of species are ill-defined, and with regard to 
others, there is no agreement on the vanation that is to be expected within a 
smgle species It is for these reasons that workers m the field report rather large 
numbers of strams as “umdentified” There seems to be httle hope that the 
situation will be clarified until detailed mvestigations, usmg modem methods, 
are made of the morphological and metabohc charactenstics of many species 
Such mvestigations should mclude the exammation of a number of recently 
isolated strams, for there is some doubt that stock cultures always remam 
representative of their species 

A number of platmg media have recently been devised for the tentative 
identification of certam species particularly the pathogemc ones McClung and 
coworkers (59, 60) descnbed an egg-yolk platmg medium which they stated could 
be used for the presumptive identification of C perfringens, C novyj, C bifer- 
mentans, C hemolyticum, C botulinxim, C 'parahotxdiniim, and C sporogenes 
Lyons and Owens (45) have recommended the use of Wilson-Blair medium for 
the rapid recogmtion of the clostndia mvolved m gas gangrene They found that 
this medium was blackened by C perfringens, C mnlhfermcnians, C terlwm, 
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C C spherwides, C septicum, C btfermenians, and C sporogenes Nagler 
(67; has descnbed a medium contaimng 10% sheep red cells and 6% egg-yolk 
for the presumptive identification of C novyi Gordon and McLeod (31) have 
reported that heated-blood agar contaimng benzidme could be used for the 
rapid identification of this oiganism Petne (74) has suggested that speciSc 
antitoxin be added to platmg media for the rapid identification of toxigenic 
species Colomes of species against which the antitoxins were prepared were 
surrounded by concentnc rmgs of precipitate Hayward (36) has recommended 
the use of 20% human serum m platmg media for the demonstration of C per- 
fnngens by the Nagler reaction, mcreasmg the specificity of the test by spreadmg 
half the plate with C perfnngens antitoxm 

The acrolem test for C perfringens has been modified and advanced as a 
method to be used with mixed cultures (37) In this modification, the specimen 
IS inoculated mto glycenn broth which is mcubated, and the presence of acrolem 
is demonstrated by the use of Schiff’s reagent Smce this reagent is not specific 
for acrolem but will respond to almost any aldehyde, the specificity of the test 
for C perfnngens is doubtful Similarly, the use of the “stormy fermentation” 
of milk for the demonstration of the presence of C perfnngens m mixed cultures 
has agam been advanced (4), apparently without considenng that other organ- 
isms which may give a similar reaction are also found m wounds Furthermore, 
the use of a drop of the whey remaining after such a fermentation for the purpose 
of demonstratmg lack of motihty is not to be recommended 


In connection with such tests, it should be emphasized that the results are to 
be mterpreted with caution Because of the high mcidence of pathogemc clos- 
tndia m wounds which never develop gas gangrene, the presence of a member of 
a pathogemc species caimot be taken as evidence that progressive infection has 
occurred, or even that it is hkely to occur Furthermore, m cases of active 
infection, the fact that a stram of a pathogemc species has been isolated does not 
necessarily mdicate that it alone is responsible for the infection Smith and 
George (91) pomted out that the distribution of elostndia m infected muscle is 


not always unif orm Consequently, the demonstration of one pathogemc species 
should not lead to the conclusion that it is the only one mvolved Consideration 
must also be given to the possible roles played by the “non-pathogemc” clos- 
tndia and by the organisms not belongmg to the genus Quantitative data with 
regard to the numbers of vanous species present m a specimen would be of help 
and would also furnish desirable information regardmg the role played by com- 
paratively non-toxic strains, such as C sporogenes or most strains of C bifermen- 


ians, when they grow m association with toxigenic species 


REFERENCES 

1 Adams, M A , Hendee, E D , and Pappenheimbe, A M 1947 Factore involved in 

production of Closindium welchtt alpha toon J Exp Med , 86, 701 7 

2 Altemeieb, W a 1942 Baotenology of war wounds Intern Abstracts burg , . 

518-533 , T Atti TVfpd Assoc t 

3 Altemeieb, W A 1944a Bactenology of traumatic woimds J Am 

4 A^’me^W a 19446 The rapid identification of the Cfostndium 

dental wounds Surg , Gynecol , Obstet , 78, 411-414 



1949] 


CLOSTRIDIA IN GAS GANGRENE 


251 


5 AiiTEMEier, W A , AisD FtJRSTE, W L 1947 Gas gangrene Intern Abstracts Sure 

84, 507-523 

6 Altemeieb, W a , Furste, W L , ard Cclbertson, W R 1947 Chemotherap 3 in 

gas gangrene An evpenmental studj Arch Surg , 66, 66S-6S0 

7 Aub, J C, Zamecnik, P C, and Nathajsson, I T 1947 Phj Biologic action of 

Clostndtuin ocdcmaltens (novyi) to^in in dogs J Chn Invest , 26, 404-410 
S Bernheimer, a W 1944o Parallelism in tbe lethal and hemolj tic activitj of the 
tovin of Clostndniin sepitatm J Evp Med , 80, 309-320 
9 BerisHeimer, a W 19446 Nutritional reqmrements and factors affecting the pro- 
duction of to-an of Clostridium sepltcum J E\p Med , 80, 320-321 

10 BERNHEiitER, A W 1944c Kinetics of Ivsis bj Clostridium sepltcum hemolysin J 

Evp Med , 80, 333-339 

11 Bidwell, E 1949 The K-to\in (collagenase) of Clostridium wclchit Biochem J , 

44,28-32 

12 Bidwell, E , and van Hetnigen, W E 1948 The biochemistrj of gas gangrene 

tovmB 5 The K-tovin (collagenase) of Clostridium iBelchii Biochem J 42, 140-161 

13 Botd, M j , Looan, M A , and Tttell, A A 194Sa The growth requirements of 

Clostridium pcrfringcns {wclchn) BP6K J Biol Chem , 174, 1013-1025 

14 Botd, M J , Logan , M A , and Tttell, A A 19486 A microbiological procedure 

for the assay of amino acids with Clostridium perfringens (wclcbii) EP6K J Biol 
Chem , 174, 1027-1035 

16 Brown, G L , MacIntosh, F C , and White, P B 1941 Plasma histamine in gas 
gangrene Biochem J, 36, 79-80 

16 Butler, H M 1943 Further bactenological studies of severe Clostridium welchti 

infections following abortion J Obstet Gjmaecol Bnt Empire, 60, 105-119 

17 Butler, H M 1945 Bactenological studies of Clostridium welchti infections in man, 

with special reference to the use of direct smears for rapid diagnosis Surg , Gjmecol 
Obstet , 81, 475-4S6 

18 Conwat, N 1946 Anaerobic infection and gangrene of war wounds in casualties of 

the Phihppine Islands Surgery, 19, 553-561 

19 Crook, E M 1942 The Nagler reaction The breakdown of hpo protein compleves 

by bactenal toxins Bnt J Exp Path , 23, 37-55 

20 Cutler, E C , and Sandusky, W R 1945 Treatment of clostndial infections with 

pemedhn Bnt J Surg , 32, 168-176 

21 Dent, C E , and Schilling, J A 1949 Studies on the absorption of proteins The 

aminoacid pattern in the portal blood Biochem J , 44, 318-333 

22 Evans, D G 1943 The protective properties of the alpha antitoxin and antihj^al- 

uromdase occurring in Cl welchit type A antitoxin J Path Bact , 65, 427-434 

23 Evans, D G 1945 The in-vitro production of ot toxin, B hemolj sin and hjalurom- 

dase bj strains of Cl welchii Tjqie A, and the relationship of in-vitro properties to 
virulence for gmnea pigs J Path Bact , 67, 75-85 

24 Evans, D G 1947a Anticollagenase in immumty to Cl welchii tjrpe A infections 

Bnt J Exp Path , 28, 24-30 

25 Evans, D G 19476 The production bj"^ certain species of Clostridium of enzj-mes 

dismtegrating hide powder J Gen hficrobiol , 1, 378-384 

26 Ferguson, L K 1944 Surgical casualties of amphibious warfare U S Naval Med 

Bull , 43, 73-79 

27 Frazer, A C , SAmioNS, H G, Elkes, J J , Govan, A D T , and Cooke, W T 

1945, Effect of Cl welchn Tj-pe A toxm on body tissues and flmds Lancet, 248, 
457-460 

28 Fredette, V , AND Frappieb, A 1946 Recherches sur I’lmmunit^ dans la gangrene 

gazeuse Rev Can biol , 6, 436-441 

29 Gage, I M 1926 Gas bacillus infection frequentlj unnoticed source in cml life 

Am J Surg „ 1, 177-184 

30 Gale, E F 1947 The Chemical Activities of Bactena The Unl^c^sItJ Tutonal 

Press, Ltd , London 



252 


LOUIS DB SPAIN SMITH 


cuuixxi |yQj^ 23 

31 Gobdon, J and McLeod, J W 1940 A simple and rapid method of distingmshinE 

Ba °*^**°*^ baotena associated mth gas gangrene J Path 

32 Ha^, M E , and B^let, J H 1946 Oxidation-redncbon potential requiremeaU 

ot Ct welchti and other clostndia Proo Soc E-rp Biol Med , 69, 163-lM 

33 BLankb, M E , AND Tuta, J 1928 Studies on the oxidation reduction potential of 

blood J Biol Chem , 78, xxxvi-xxxvm 

34 Habvet, E N , AND McMillen, j H 1947 An experimental study of shock waves 

resulting from the impact of high velocity rmssiles on animal tissue J Exd Med 
86, 321-328 ^ 

35 Habvet, E N , Kobe, L M , Osteb, G , and McMilden, J H 1947 Secondaiy 

damage m ivounding due to pressure changes accompanymg the passage of high 
velocity missiles Surgery, 21, 218-239 

36 Hatward, N J 1943 The rapid identification of 01 leelchiibyNaglerteatsmplate 

cultures J Path Bact , 66, 285-293 

37 EeIjLeb, G 1946 The identification of Closlndium welchxi in mixed cultures and 

debnded tissue and detemunation of sensitivity of the orgamsms to penicilhn 
Surg , Gynecol , Obstet , 83, 343-347 

38 VAN EteTNiQBN, W E 1948 The biochemistry of gas gangrene toxins 3 Develop 

ment of a medium smtable for the large scale production of the toxins of Cloitndium 
welchii Type A Bioohem J , 42, 127-130 

39 BIoebeb, R 1946 Physical Chemistry of Cells and Tissues Blskiston Company, 

Philadelphia 

40 Kass,E H , Lichstein, H C , and Waisbeen, B A 1946 Occurrence of hyalurom 

dase and lecithinase m relation to virulence m Closlndium welchti Proc Soo Exp 
Biol Med , 68, 172-175 

41 Keppie, j , AND Eobebtson, M 1944 The in-viiro toxigemoity and other characters 

of strains of Cl welchti Type A from various sources J Path Bact , 66, 123-132 

42 Kbopp, B , AND SiOTB, D 1941 Connective tissue and phagocytes in experimental 

gas gangrene in gumea pigs War Med , 1, 682-689 

43 Langlet, F H , AND WiNKEtsTBiN, L B 1945 Gas gangrene A study of 96 cases 

treated in on evacuation hospital J Am Med Assoc , 128, 783-792 

44 Le Geos Cdabk, W E 1946 Vasoulanration of muscles Bnt Med J , 1, 66 

45 Ltons, C , AND OivENs, C R 1042 Wilson-Blair medium in the rapid diagnosis of 

the clostndia of gas gangrene J Boot , 43, 685-687 

46 MacFablanb, M G 1946 Case fatality rates of gas gangrene in relation to treat 

ment Bnt Med J , 1, 803-806 

47 MacFarlane, M G 1948 The biochemistry of bactenal toxms 2 The enxjTiuc 

specificity of Closlndium welchti lecithinase Biochem J , 42, 687-590 

48 MacFablanb, M G , and Knight, B C J G 1941 The biochemistry of bacten 

toxins I The lecithinase activity of Cl welchti toxins Bioohem J , 36, 884-902 

49 MacFablanb, R G , and MacLennan, J D 1945 The toxemia of gas gangrene 

Lancet, 249, 328-331 . 

50 MacFablanb, R G , Oaxlet, C L , and Andeeson, 0 G 1941 „ 

production of opalescence m serum and leoitho vitelhn by the a toxin of o set i 

welchti J Path Bact , 62, 99-103 East 

61 MacLennan, J D 1943 Anaerobic infections of war wounds in the Miau 

Lancet, 246, 63-66, 94-99, 123-125 ^ ^ 

62 MacLennan, J D 1944 Anaerobic infections m Tnpolitama and Tunisia 

246, 203-207 ^ of 

53 MacLennan, J D , and MacFablanb, R G 1945 Toxin and antitoxin 

gas gangrene in man Lancet, 249, 301-306 fmToI as a source 

64 Maes.B 1940 Gas gangrene, with special reference to importance ot woo 

of contamination Arch Surg , 41, 393-402 -7 ms r-10 

66 Maschmann, E 1937 Ueber Baktenenproteasen II Biochem , 



1949 ] 


CLOSTHIDIA IN GAS GANGRENE 


253 


56 Maximo'ss , a a , aisd Bloom, W 1934 A Textbook of Histology Vf B Saunders 

Co , Philadelphia 

57 McCleaNjD 1936 A factor in culture filtrates of certain pathogenic bactena which 

increases the permeability of the tissues J Path Bact , 42, 477-512 
5S McClean, D , Rogers, H J , and Williaiis, B W 1943 Early diagnosis of wound 
infection with special reference to gas gangrene Lancet, 244, 355-360 

59 McClung, L S , AND Toabe, R 1947 The egg-yolk plate reaction for the presump- 

tive diagnosis of Clostridium sporogcncs and certain species of the gangrene and 
botulinum groups J Bact , 63, 139-147 

60 McCntrNG, L S , Heindrich, P , and Toabe, R 1946 A medium for the Nagler 

plate reaction for the identification of certam clostndia J Bact , 61, 751-752 

61 Meter, K 1947 The biological significance of hyaluromc acid and hyaluromdase 

Phjsiol Rev , 27, 335-359 

62 Miles, A A 1941 Some problems in wound infection Lancet, 241, 507-510 

63 Miles, A A , and hliLEs, E M 1943 The fixation of foreign matenal in inflamed 

tissue, with especial reference to Cl welchtt toxm and antitoxin Bnt J Exp Path , 
24, 95-107 

64 Miles, A A , Spooner, E T , and van den Ende, M 1940 Discussion on infections 

of wounds Proc Ro> al Soc Med , 34, 99-107 

65 Mullallt, G T 1941 Anaerobic infections and gas gangrene Lancet, 240, 269-271 

66 Nagler, F P 0 1939 Observations on a reaction between the lethal toxin of Cl 

welchit (Tj^pe A) and human sera Bnt J Exp Path , 20, 473-4SS 

67 Nagler, F P 0 1944 Bacteriological diagnosis of gas gangrene due to Clostridium 

oedcmaiicns Nature, 163, 496 

68 Neel,H B, and Cole, j P 1944 Gas gangrene m amphibious warfare in the Pacific 

area Am J Surg , 66, 290-299 

69 Neel, H B , anti Cole, J P 1945 Gas gangrene m amphibious warfare in the Pa- 

cific tJ S Naval Med Bull , 46, 1127-1130 

70 Oaklet, C L , Warrack, G H , and Clarke, P H 1947 The toxins of Clostridium 

oedematiens (Cl novyt) J Gen hCcrobiol , 1, 91-106 

71 Oaklet, C L , Warrack, G H , and van Hetotgen, W E 1946 The collagenase 

(K toxin) of Cl welchit, Type A J Path Bact , 68, 229-236 

72 Odom, C B 1946 Causes of amputation in battle casualties with emphasis on vas- 

cular injury Surgery, 19, 562-569 

73 Pandalai, K M , and George, M 1947 A possible mode of action of pemcilhn 

Bnt Med J , 2, 210-211 

74 Petrie, G F 1943 Specific identification of the chief pathogemc clostndia of gas 

gangrene Bnt Med J , 1, 377-379 

76 PoppE, J E 1944 Intrapleural infection with Clostridium welchii J Thoracic Surg , 
13, 340-344 

76 Potts, W J 1944 Battle casualties m a South Pacific evacuation hospital Ann 

Surg , 120, SS6-S90 

77 Power, E, W 1945 Gas gangrene With special reference to vasculanzation of 

muscles Bnt Med J , 1, 656-658 

75 Pratt, R , and Ddfrenot, J 1948 Cytochemical mterpretation of the mechanism 

of penicillm action Bact Rev , 12, 79-103 

79 Reed, G B 1948 The Clostndia In Bactenal and Mycotic Infections of Man 
Edited bj R J Dubos J B Lippincott Co , Philadelphia, 355-369 
SO Reed, G B , and Orr, J H 1941 Rapid identification of gas gangrene anaerobes 
War Med , 1, 493-510 

81 Reed, J W 1942 Nitrate, mtnte and indole reactions of gas gangrene anaerobes 

J Bact , 44, 425-431 

82 Richard, O 1948 Vanation in morphological and biochemical charactenstics of 

anaerobic butjTic acid bactena Nature, 162, 463-464 


254 


LOUIS DB SPAIN SMITH 


[vOL 13 i 


83 Kobb Smith, A H T 1945 Tissue changes induced by Cl welchtt Type A filtratM 

Lancet, 249, 362-368 

84 Robbetson, M , and Kbppie, J 1941 In vtlro production of toxin from strains of 

Cl wclchii recently isolated from war wounds and air raid casualties J Path Bari 
63, 95-103 

86 Rooehs, H j , and Kniqht, B C J Q 1946 The reoogmtion of material present 
in horse muscle affecting the formation of a-toan by a strain of Closlndtum wtlehti 
Biochem J , 40, 400-406 

86 Ross, K C , AND Rtan, W P 1944 Gas gangrene at an Australian general hospital 

in the Owen-Stanley and Buna Gona campaign Med J Austraha, 2, 35-37 

87 Rusttgian, R , and Ciphiani, A 1947 The bacteriology of open wounds J Am 

Med Assoc , 133, 224-230 

88 Rtan, F J , Ballbntine, R , Schnbidbb, L K , Stolovt, E , Cobson, M E , and 

Rtan, E J 1946 The use of antibiotics, ntamin analogues and other compounds 
in experimental gas gangrene J Infect Dia , 78, 223-231 

89 ScHiFF, F 1939 An ecto-enryme of Closlndtum welchtt which decomposes blood 

group specific substance A J Infect Dia , 66, 127-133 

90 Seiffebt, G 1939 Erne Reaction menschlioher Sera mit Perfnngenstoxin Z Im 

munitfitsforsoh , 96, 61&-520 

91 Smith, L DS , and Geobge, R L 1946 The anaerobic bactenal flora of clostridial 

myositis J Bact , 61, 271-279 

92 Smith, L DS , and Gabdneb, M V 1949a Vegetative cells of Closlndtum perfnn 

gens m soil J Bact , 68, 407-408 

93 SiHTH, L DS , AND Gahdnbb, M V 19495 Unpublished data 

94 Sprat, R S 1936 Semi-aolid media for cultivation and identification of the spcru 

lating anaerobes J Bact , 32, 135-166 

95 Stock, A H 1944 Anaerobic spore-beanng flora of gas gangrene, Italy Med Boll 

of Mediterranean Theater of Operations, 2, 159-162 
95 Stoner, H B , and Green, H N 1948 Bodily reactions to trauma The effect of 
ischaemia on muscle protem Bnt J Exp Path , 29, 121-132 

97 Thivolle, L , AND Lemaibb, R 1944 Rapports entre le potentiel d’oxydo redaction 

de sang humain dvolue et la glycolyse Arch Phys Biol , 17, Snppl 81-82 

98 Thompson, J W , and Voeqtlin, C 1926 Glutathione content of normal animals 

J Biol Chem , 70, 793-800 

99 Ulio, J A , AND Maeshall, G C 1946 Notes on care of battle casualties War Dept 

Tech Bull TB Med , 147, War Med , 7, 234-248 

100 Wan, F E 1930 Gas bacillus mfection Review of etiology, symptomatology , and 

treatment China Med J , 44, 97-118 

101 Weinbebo, M , AND Mthaidesco, M 1929 Reoherches but le oharbon symptomatique 

et le B chauvoet Ann Inst Pasteur, 43, 1408-1464 

102 Weinbbbg, M , Nativellb, R , and Pbbvot, A R 1937 Les Microbes Anadrobies 

Masson et Cie , Pans „ 

103 Woodward, G B 1939 Hydrolysis of glutathione by blood semm Biochem J , > 


1171-1174 , . 

104 Zamecnik, P C , Bhewstek, L E , and Lipmann, F 1947 A manometnc met o 

measuring the activity of the Cl welchtt lecithinase and a description o ce am 
properties of this enzyme J Exp Med , 86, 381-394 . 

105 Zamecntk, P C , Folch, J , and Bkewbtbh, L 1946 Protection VMed 

C welchtt toMn by injection of certain purified hpids Froc Soo * 

60| 33-39 tj, 

106 Zamecnik, P C , and Lipmann, P 1947 A study of the competition of lecit 

antitoxin for Cl welchtt lecithinase J Exp Med , 86, 396-403 „rtion of 

107 Zamecnik, P C , xNathanson, I T , and Add, J A 1947 P^P^ 

Clostndmm welchtt (Type A) toxins in dogs J Clm Invest , 26, 




